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In a short review, such as this, a complete account cannot possibly 
be included of all the investigations dealing with the phenomena of 
transmission by acetylcholine, which have appeared since the classical 
demonstration by Loewi in 1921 of chemical transmission in the frog’s 
heart. The necessity of so doing is, however, rendered less urgent by 
the fact that in the last few years a number of admirable accounts of 
the subject have appeared. An exhaustive survey of the chemical 
and pharmacological properties of acetycholine and the methods for 
its detection in biological fluids is to be found in Gaddum’s Monograph 
(1936), together with a full discussion of the probable réle of acetyl- 
choline in physiological function. Bacq’s (1935) very able review on 
the subject of chemical transmission in the autonomic nervous system 
which appeared at about the same time in the “Ergebnisse der Phys- 
iologie’’, is a mine of information and gives a lucid and stimulating 
account of the conception and gradual development of the theory of 
chemical transmission up to its almost universal acceptance, at least in 
many of its ramifications, at the present time. More recently still, 
Eccles (1936c) has given a closely reasoned and analytical survey of 
the evidence for and against the réle of acetylcholine as a transmitter 
at the ganglionic synapse and the voluntary neuro-muscular junction. 

In dealing with the subject of transmission of nerve effects by acetyl- 
choline, some definition must be made of what is meant and implied by 
the term ‘‘chemical transmission.’”’ As Bacq (1935) points out, the 
general title of Loewi’s work with his pupils ‘““Uber humorale Ubertrag- 
barkeit der Herznervenwirkung” has given rise to some misunder- 
standing; that is, the idea has arisen that the significant feature of the 
phenomenon was the action at a distance of substances liberated by 
nerve stimulation. The occurrence of such distant effects is undoubted, 

485 


PHYSIOLOGICAL REVIEWS, VOL. 17. No. 4 


er! 











486 G. L. BROWN 


but their physiological significance is problematical, especially in trans- 
mission by acetylcholine, and they have served merely as indicators of 
the intervention of a chemical substance in transmission from efferent 
nerve to effector cell. 

It was Elliott (1904-05) who first suggested, on the basis of the very 
close similarity between the actions of adrenaline and sympathetic 
nerve stimulation that the nerve endings might liberate a substance 
like adrenaline, which would then act upon the cell, and modify its 
existing activity or start a new event. Proof of the truth of this con- 
ception was provided by Loewi and his collaborators for the frog’s 
heart, and has subsequently received abundant confirmation. The 
fundamental facts upon which was based the theory of chemical trans- 
mission in the heart are as follows. 

1. A substance pharmacologically identifiable as an unstable ester 
of choline is liberated in the heart when the vagi are stimulated. 

2. The application to another heart of the “‘vagusstoff”’ liberated, 
or of acetylcholine, reproduces the effect of nerve stimulation. 

3. The action of acetylcholine on the heart is prevented by atropine. 

4. In the presence of atropine, stimulation of the vagi still liberates 
acetylcholine, but it is ineffective. 

5. The heart and other tissues, including the blood, contain an en- 
zyme (choline esterase), which rapidly hydrolyses choline esters. 

6. The enzyme is specifically inhibited by eserine, which produces a 
prolongation and intensification of the effects of nerve stimulation. 

On these main facts, then, the liberation of acetylcholine, its faithful 
neuromimetic action, its unimpeded liberation but failure to act in the 
presence of substances like atropine, and the prolongation and inten- 
sification of nerve action by eserine, are based the conception of chemi- 
cal transmission. So far the heart only has been referred to, but the 
actions of acetylcholine on the organism are extensive and diverse. 
Dale (1914) in his comprehensive study of the pharmacological effects 
of choline esters suggested a useful and now widely used classification of 
their actions. He divided the actions of choline esters into two groups: 
a, the muscarine-like actions, and 6, the nicotine-like actions. As 
Dale points out, the actions of muscarine ‘‘may be summarized with but 
small qualification, as a reproduction of the effects of stimulating nerves 
belonging to the cranial and sacral divisions of the involuntary (auto- 
nomic) system . . . the constrictor effect of the 3rd nerve on the pupil; 
the powerful secretomotor action of the chorda tympani on the salivary 
glands; the inhibition of the heart, constriction of the bronchioles and 
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contraction of the muscular walls of the alimentary canal, produced by 
the vagus; the motor action of the pelvic nerve on the large intestine 
and the urinary bladder, and its vasodilator action on the external 
genitalia; all these are reproduced faithfully by muscarine and by 
several of the choline derivatives.’”’ Although there clearly existed 
this very close parallelism, nevertheless the choline esters have ad- 
ditional actions which do not fit into this general scheme; they cause 
the secretion of sweat from glands which are anatomically supplied by 
fibres of the sympathetic system and produce vasodilatation in the 
whole vascular tree, in addition to those areas specifically supplied by 
vasodilator nerves of the cranio-sacral outflow, such as the salivary 
glands and the genitalia. The significance of these apparent anomalies 
will be made clear subsequently when the distribution of fibres trans- 
mitting by acetylcholine is discussed. The common characteristics of 
all these muscarine-like actions of the choline esters are their ready 
annulment by the previous administration of atropine, and the fact 
that they are purely peripheral in origin, persisting as they do when the 
ganglia of the sympathetic system are paralysed by massive doses of 
nicotine and when the brain and spinal cord have been destroyed. 
The nicotine-like actions of the choline esters are normally only 
demonstrable when the muscarine-like action has been eliminated 
by the administration of atropine. In these circumstances, injec- 
tion of large doses of the esters produces in the mammal a rise in 
blood pressure, which is diminished by removal of the suprarenals, is 
independent of the integrity of the central nervous system, but which 
is absent when the ganglia of the sympathetic nervous system have 
been paralysed by nicotine. Subsequent investigations have shown 
more directly the stimulant action of choline esters on ganglion cells 
(Feldberg and Gaddum, 1934), and the suprarenal medulla (Feldberg, 
Minz and Tsudzimura, 1934) and the similarity to the action of nico- 
tine on muscle (Langley, 1907) has been shown for frog’s muscle (Ries- 
ser and Neuschloss, 1921), denervated mammalian muscle (Frank et 
al., 1922; Dale and Gasser, 1926; Gasser and Dale, 1926) and normal 
mammalian muscle (Brown et al., 1936; Bacq and Brown, 1937). These 
diverse biological actions and the peculiar properties of acetylcholine 
suggested to Dale (1914) that it might have some significance in normal 
function similar, but opposite, to that of adrenaline whose action ‘‘it 
surpassed both in intensity and evanescence’. But at that time no 
evidence was available for its existence in the body, apart from Reid 
Hunt’s detection in suprarenal extracts of a substance much more 
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active than choline but apparently yielding that base in the course of 
extraction. 

Loewi’s experiments drew attention once more to the probable sig- 
nificance of acetylcholine. Shortly afterwards Dale and Dudley (1929) 
were able to isolate and crystallize acetylcholine in relatively large 
amounts from the spleen of the large ungulates (horse and ox); and 
acetylcholine is the only choline ester which has hitherto been isolated 
from animal tissues. The quantitative distribution throughout the 
body of a substance identifiable pharmacologically as acetylcholine has 
subsequently been investigated in many laboratories (for full literature 
see Gaddum, 1936). A word may be said at this point on the question 
of pharmacological identification of acetylcholine. Chang and Gad- 
dum (1933), in their paper dealing with the choline ester content of tis- 
sue extracts, consider in detail the pharmacological differentiation of 
acetylcholine from other substances. They give six tests which enable 
the identification to be made with reasonable certainty. 1. Increase 
in the activity of an extract by eserine, excludes choline and other 
substances present in tissues and points strongly to acetylcholine. 2. 
Disappearance of activity when the extract is exposed to blood, and 
great retardation of this disappearance if the blood is previously treated 
with eserine. 3. Instability of the active principle in weak alkali at 
room temperature. 4. Estimation of the choline content of an extract 
by acetylation and assay as acetylcholine. This serves to show whether 
the choline content of the extract is sufficient in itself to account for 
the observed activity. 5. Antagonism by atropine of muscarine-like 
effects and by nicotine of nicotine-like effects. 6. The assay of the 
extract in terms of acetylcholine by a number of different tests should 
give the same value in each. 

This last test is of particular value since it serves to differentiate 
acetylcholine from the other unstable choline esters. Chang and Gad- 
dum give a table in which the relative activities of choline and seven 
of its esters are expressed in terms of acetylcholine. With the exception 
of pyruvylcholine all esters other than the acetic ester give widely differ- 
ent figures with the different tests. Examples of the use of these tests 
for the identification of the substance appearing in a venous effluent, 
as distinct from tissue extracts, may be found in papers by Dale and 
Feldberg (1934a) and Feldberg and Gaddum (1933). When these 
rigorous tests are satisfied, there can be little doubt that the substance 
occurring in tissues is actually acetylcholine. There can be no doubt 
at all of its being an unstable choline ester, and of the choline esters 
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only pyruvylcholine and acetylcholine give comparable results on assay, 
and the latter is, as yet, the only choline ester isolated from animal tissues 
(see also Stedman and Stedman, 1937). It must, of course, be admitted 
that the existence of acetylcholine, as such, free in the tissues is im- 
possible since it would be immediately hydrolysed by the tissue esterase 
(ef. Dale and Dudley). It must exist in some form in which it is not 
only physiologically inert, but is also protected from attack by the 
esterase. The full figures for the distribution of acetylcholine through- 
out the tissues of the body can be found in Gaddum’s monograph. 

We now come to consider the anatomical distribution of nerves trans- 
mitting their effects by acetylcholine. As shown previously, although 
the effects of muscarine and the comparable effects of acetylcholine 
imitate fairly closely the effects of stimulation of the nerves of the 
bulbosacral outflow of autonomic fibres (the parasympathetic system) 
there are certain anomalies, one of the most obvious of these being 
their effect in producing activity of the sweat glands, which are most 
clearly innervated by fibres of the sympathetic system. When the 
liberation of chemical transmitters came to be investigated it was found 
that a close correspondence between anatomical origin and type of 
transmitter liberated was lacking, and that the old anatomical distinc- 
tion of sympathetic and parasympathetic systems might be misleading 
in this connection. In order to remove this inconvenience in de- 
scription, Dale (1933a) suggested an alternative classification of peri- 
pheral nerves on the basis of the chemical substance by which they 
transmit their effects. Nerves transmitting by acetylcholine were to 
be called “‘cholinergic’”’ nerves and those transmitting by liberation of a 
substance like adrenaline, ‘‘adrenergic’”’ nerves. This classification has 
proved of increasing usefulness and has now been widely adopted. 

It has been noted above that acetylcholine has two quite distinct 
actions when injected intravenously, its muscarine-like effects and its 
nicotine-like effects. So different are these two actions, not only in the 
anatomical distribution but also in the intimate nature of the responses 
evoked, that it will be convenient to classify neural transmissions in 
the same way, and to speak of transmission by acetylcholine as being 
either a “‘muscarine like transmission”’ or a “‘nicotine like transmission.”’ 
Until quite recently most investigations had dealt exclusively with mus- 
carine transmissions. The literature on the subject is voluminous and 
has been very adequately summarised by Gaddum (1936) and by Bacq 
(1935). It is proposed, therefore, to touch only briefly on the well es- 


tablished facts of distribution and to refer in greater detail to the most 
recent findings only. 
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I. DIsTRIBUTION OF CHOLINERGIC NERVES. Muscarine transmis- 
sions. The existence of cholinergic fibres has been demonstrated in 
the innervation of the following tissues, either directly by detection of 
the acetylcholine liberated by nerve stimulation or indirectly by the 
action of eserine and atropine. (For details, see Bacq, 1935, and Gad- 
dum, 1936.) 

1. The mammalian and amphibian heart from the vagus. 

2. The broncho-dilator and vasodilator vagus fibres to the lungs. 

3. The stomach and intestines (Dale and Feldberg 1934a, Harri- 
son and McSwiney 1936, Bunting, Meek and Maaske 1935). 

4. The fibres of the chorda tympani supplying the salivary glands. 
Saliva obtained by various means has a secretagogue action (Demoor, 
1913; Guimarais, 1930; Secker, 1934) and a powerful vasodilator effect 
when administered intravenously (Secker, 1934a and b). This sub- 
stance is, however, not an unstable choline ester (Feldberg and Gui- 
marais, 1935; Guimardais, 1935), and is not the transmitter of nerve 
effects. 

5. Pelvic nerve—the pelvic innervation contains cholinergic fibres 
to the bladder, as do the nervi erigentes which cause vasodilatation 
in the penis. 

6. Oculomotor nerve—Engelhart (1931) showed that acetylcholine 
made its appearance in the aqueous humor of the rabbit’s eye, previ- 
ously treated with eserine, when the III cranial nerve was reflexly 
excited by exposing the eye to light. 

It will be seen that the above list of actions covers fairly completely 
the postganglionic fibres of the bulbo-sacral parasympathetic outflow. 
We must now consider some fibres not belonging to this system whose 
effects are apparently transmitted by acetylcholine. 

Postganglionic sympathetic fibres. Although the majority of the post- 
ganglionic fibres of the thoracico-lumbar outflow are adrenergic, among 
them exist many which transmit by acetylcholine. 

a. Sweat glands. As mentioned previously, the exciting action of 
muscarine upon the sweat glands in certain animals (cat and man) is 
anomalous, since these structures are demonstrably innervated by true 
postganglionic sympathetic fibres. Dale (1933b) suggested that the 
only reasonable explanation of the actions of muscarine and atropine 
in this instance was that the fibres, unlike most postganglionic sympa- 
thetic fibres, were cholinergic. This suggestion was tested experiment- 
ally by Dale and Feldberg (1934b) and found to be true. They perfused 
a cat’s foot with eserinised Locke’s solution and found that coincident 
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.with sweating, acetylcholine appeared when the sympathetic chain 
was stimulated. When the pads were excluded from the circulation 
by ligatures, stimulation of the sympathetic no longer produced acetyl- 
choline. The fibres supplying the sweat glands of the horse or sheep, 
which sweat under adrenaline, are probably purely adrenergic (Bacq, 
1932). 

b. Stomach. Some cholinergic fibres probably run in the sympathetic 
supply to the stomach (Harrison and McSwiney, 1936). 

c. Uterus. Sherif (1935) has demonstrated the presence of choliner- 
gic postganglionic sympathetic fibres in the hypogastric nerve supply- 
ing the uterus. 

d. Nictitating membrane. Bacq and Fredericq (1934) believe that in 
50 per cent of cats a small number of the postganglionic fibres supplying 
the nictitating membrane are cholinergic, since atropine produces a 
small diminution, and eserine a small increase, in the response of the 
membrane to postganglionic stimulation. 

e. Sympathetic vasodilators. The existence of cholinergic vasodi- 
lator fibres in the postganglionic sympathetic nerves innervating the 
muscles of certain animals now appears established, but the whole 
question has been complicated by the association of the contractures of 
denervated skeletal muscle with certain vasodilator effects. In 1894 
Sherrington observed a contracture of the muscles of the leg of the cat, 
after section of the ventral roots of the cord, which was evoked by 
strong stimuli applied to the sciatic nerve. This contracture, now 
usually known as the Sherrington phenomenon, was attributed by him 
to the effect of antidromic impulses in the sensory fibres, since it was 
not obtainable after degeneration of the sensory fibres. This contrac- 
ture is very like that occurring in the denervated tongue when the 
chorda-lingual nerve is stimulated (Heidenhain, 1883), a phenomenon 
which is now known to be due (Dale and Gaddum) to the liberation of 
acetylcholine at the endings of the vasodilator nerves supplying the 
vessels of the tongue muscle (Feldberg, 1933; Bain, 1933). A similar 
contracture occurs in the denervated facial muscles of the dog (Rogo- 
wicz, 1885), when the cervical sympathetic is stimulated, a contracture 
which is associated with vasodilatation. Euler and Gaddum (1931) 
were able to show that these vasodilators to the dog’s lip, although 
running in the cervical sympathetic, were cholinergic. The constant 
association of the contractures with vasodilator effects led many au- 
thors to suggest that some substance liberated at vasodilator terminals 
was similarly responsible for the Sherrington phenomenon. Indeed, 
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in 1930 Dale and Gaddum produced very convincing evidence that this 
was so, and concluded that there was reason to believe that the acetyl- 
choline concerned was liberated at the ending of the posterior root 
fibers on the arterioles. A re-investigation of the anatomical basis 
of the Sherrington phenomenon, by Hinsey and Cutting (1933), how- 
ever, threw doubt on this interpretation. They were unable to elicit 
the contracture by direct stimulation of the posterior roots and suc- 
ceeded in producing it by stimulation of the sciatic, after section and 
degeneration of both anterior and posterior roots. The obvious source, 
therefore, of the fibres inducing the effect was the sympathetic, and 
Hinsey and Cutting produced it by stimulating the grey rami of the 
sacral ganglia. The absence at that time of evidence for the existence 
of cholinergic fibres in the peripheral sympathetic system made diffi- 
cult a definite decision. The position at this point was, then, that 
a number of what may be called the ‘‘vasodilator contractures” of de- 
nervated muscle were known to be due to the peripheral liberation of 
acetylcholine by cholinergic vasodilator nerves, but, in the case of the 
Sherrington phenomenon, which appears in every way analogous, no 
evidence was available for either cholinergic sympathetic fibres inner- 
vating the vessels of the muscle, or for the liberation of acetylcholine 
at the terminals of the sensory fibres. The recent experiments of 
Biilbring and Burn, however, have given clear evidence of the existence 
of cholinergic dilators in the sympathetic supply of muscles, and have 
cleared up many doubtful points. They find (1935) that stimulation 
of the sympathetic chain in the dog produces, in the leg, a vasodilata- 
tion confined to the muscles, which is enhanced by eserine and abolished 
by atropine, and which is associated with the appearance of acetyl- 
choline in small, but pharmacologically identifiable amounts in the 
venous effluent, when the leg is perfused with Ringer’s solutions con- 
taining eserine. In the cat, on the other hand, the sympathetic vaso- 
dilator fibres appeared to be few and predominantly adrenergic in func- 
tion. The application of these findings to the Sherrington phenomenon 
(Bilbring and Burn, 1936a) gave the expected result. Stimulation of 
the sympathetic chain, in dogs, readily produced a contracture of some 
tension in the gastrocnemius, denervated by section of the anterior 
roots, but in cats, although a contracture resulted from stimulation of 
the chain, it was very weak (a few grams). In both instances the con- 
tracture was increased by administration of eserine. 

The evidence now available points strongly to the view that the 
Sherrington phenomenon is due entirely to cholinergic sympathetic 
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fibres, but it is not yet possible wholly to exclude the participation of 
the sensory fibres, more especially since Wybauw (1936) has shown that 
their stimulation produces acetylcholine from the skin. 

f. Distribution of cholinergic sympathetic vasodilators. Bilbring and 
Burn (1936b) have recently extended their observations on the sympa- 
thetic vasodilator supply of muscles to other tissues. They find that 
the skin of the hind limb receives no dilator fibres at all from the sympa- 
thetic system, whether adrenergic or cholinergic. The vessels of the 
dog’s ear receive vasodilator fibres from sympathetic nerves, but their 
effect is not altered by eserine or atropine. From neither of these skin 
regions did acetylcholine appear during sympathetic nerve stimulation. 
A sympathetic dilator supply to the intestine was present, but here 
again it was not attributable to cholinergic fibres. It is of interest to 
note that acetylcholine, although causing dilatation of the intestinal 
vessels of the cat, has no action on the vessels of the dog’s intestine. 
This observation is of considerable interest in connection with the ques- 
tion as to whether acetylcholine is a universal vasodilator, or acts only 
on vessels receiving a cholinergic nerve supply. As mentioned pre- 
viously, one of the actions of the choline esters which departed from 
their general “‘parasympatho-mimetic” action was that they produced 
generalised vascular dilatation, involving the skin, muscle, kidneys, 
lung, liver and possibly brain. The relatively extensive cholinergic 
component of many sympathetic fibres, shown by Biilbring and Burn, 
and the probably cholinergic nature of the antidromic vasodilatation, 
make it seem likely that acetylcholine acts only on cells receiving cho- 
linergic fibres. It would be of interest to determine whether the vagus 
conveyed cholinergic vasodilators to the dog’s intestine, which, as pointed 
out above, does not respond with vasodilatation to acetylcholine. 

g. Antidromic vasodilatation. Stimulation of the peripheral ends of 
the sensory nerves to a limb causes a vasodilatation, which, as far as 
our present knowledge goes, is confined to the skin. Lewis and Marvin 
(1928) have produced convincing evidence that a substance, more 
stable than acetylcholine, and probably histamine, is liberated in the 
region of the sensory endings in the skin by such stimulation, and Ungar 
(1936), on the basis of the production of distant effects, like those of 
histamine, has reached the same conclusion. The recent experiments 
of Wybauw (1937), on the other hand, demonstrate with equal cer- 
tainty that acetylcholine is liberated by antidromic impulses. The 
solution of this apparent discrepancy would appear to lie in the two- 
fold ending of the sensory fibre, and it is not difficult to picture the 
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liberation of histamine at the true sensory ending and of acetylcholine 
at the ending of the axonic collateral on the cutaneous arterioles. It 
may be noted that many anatomically parasympathetic nerves contain 
adrenergic fibres (cf. Bacq, 1935), but a description of them is not 
within the scope of this review. 

II. CHARACTERISTICS OF THE MUSCARINE-LIKE TRANSMISSIONS. AI- 
though the main outlines of the anatomical distribution of the choliner- 
gic nerves are now fairly well established, relatively little is known of 
the precise mechanism of the transmission process. Certain salient 
characters have been investigated and will be considered here as they 
serve to distinguish the muscarine-like transmissions from the nicotine- 
like transmissions which will be dealt with next. 

a. Latent period. Technical difficulties have probably prevented 
accurate determinations of the latencies of many of the muscarine trans- 
missions by acetylcholine, although excitatory transmissions such as 
the contraction of the pupil in response to III cranial nerve stimulation 
and the response of the bladder to the pelvic nerve seem to offer very 
suitable preparations. One of the difficulties in analysing such re- 
sponses is the presence, in or near the tissue, of the peripheral ganglionic 
synapse, but in the instance of the III nerve, the main characteristics 
of transmission in the ganglion have been established (Whitteridge, 
1937) and they are sufficiently similar to those of sympathetic ganglia 
(Bishop and Heinbecker, 1932; Brown, 1934; Eccles, 1935a, b, c), to 
justify the extension of the findings to other parasympathetic ganglia. 
A further difficulty in the case of smooth muscle organs and gland 
cells is the latency of the tissue itself to directly applied stimuli. Mc- 
Swiney and Robson (1929) found a latent period of the order of 700 
msec. in the response of isolated stomach muscle to single volleys in the 
vagus nerve. It would be difficult to assess what proportion of this 
latent period is occupied by the liberation of the transmitter and pos- 
sibly its diffusion to its site of action. Eccles and Magladery (1937a) 
for instance, find that the latency of the denervated nictitating mem- 
brane to directly applied condenser discharges is about 200 msec. and 
the latent period of the contraction of the membrane when excited by 
stimuli applied to the preganglionic trunk some 5 cm. away from the 
membrane was found to be of the order of 150 msec. (Brown, 1934). 
These figures would indicate that, although there must be considerable 
depression of the membrane by denervation, the great proportion of the 
observed latency following nerve stimulation is due to the properties of 
the musculature of the nictitating membrane and not to delay in the 
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‘ liberation and action of the transmitter. It is possible that further 
study of the action potentials of reacting tissues will furnish more in- 
formation (cf. Rosenblueth et al., 1936, and Eccles and Magladery, 
1937b). Experiments on the vagal inhibition of the heart have yielded 
some data of interest on this point. Brown and Eccles (1934a) studied 
the effect of single volleys, set up in the cervical vagus, upon the pace- 
maker of the cat’s heart. The latent period, with stimulation in the 
neck, was found to fall usually between 100 and 160 msec. Evidence 
was given that only a fraction of this time (some 20 msec.) was occupied 
in the time of travel of the impulse from the point of stimulation to the 
terminals in the pacemaker. They suggest that the large part of the 
latency is occupied by the liberation of the acetylcholine, its diffusion 
to the pacer-aker, and its action on the rhythmic mechanism, but they 
were not able to assign any differentiating values to these processes. 
They give evidence to show that the gradual increase in the inhibitory 
process is due to the progressive increase in the concentration of acetyl- 
choline acting on the rhythmic mechanism of the pacemaker. Eserine 
increases the steepness of rise of the inhibitory curve and they there- 
fore conclude that enzymatic destruction is actually taking place during 
the short time that the concentration of acetylcholine is increasing. 
Kserine, however, does not appear to shorten the latency of the in- 
hibition, and it therefore appears very unlikely that a prolonged process 
of diffusion of acetylcholine from its site of origin to its site of action 
can be considered as accounting for a part of the latent period. It 
would appear then, that the latency of cholinergic muscarine transmis- 
sions is long, but how much of this delay is to be attributed to the libera- 
tion of the transmitter and how much to the reaction of the innervated 
tissue it is at present not possible to decide. 

b. Duration. The early experiments on the frog’s heart showed 
clearly that the inhibitory effects of vagus stimulation may long out- 
last the cessation of the actual stimulation of the nerve. A single 
vagal volley in the’cat (Brown and Eccles, 1934a) or the tortoise (Gil- 
son, 1932) may produce an inhibitory effect lasting many seconds. 
The most obvious explanation of this prolonged effect is that it is due 
to actual persistence of the transmitter at its site of action, an explana- 
tion supported by the simple curve of decline of the effect, in many 
instances, and a prolongation of the effect by eserine of the same order 
as that observed in vitro (Brown and Eccles, 1934a). Of course, gang- 
lion discharge cannot be entirely excluded as a partial source, at least, 
of the prolonged action, especially in view of Feldberg and Rosen- 
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feld’s (1933) observation that there is a persistent output of acetyl- 
choline from the intestine, which they attribute to ganglionic activity. 
But the very long duration of the effects is not at all compatible with 
the phenomena of transmission in the sympathetic and III nerve gang- 
lia, in which after discharge does not apparently ever occur. 

c. Summation. The course of both temporal and spatial summation 
in the heart follows reasonably simple lines. The cardiac vagi appear 
to be distributed independently to the pacemaker, since stimuli applied 
simultaneously to both vagi and at short intervals apart produce an 
inhibitory effect which, in its earlier stages, is the simple sum of the 
inhibitions produced by either vagus alone (Brown and Eccles, 1934b). 
During the decline of the inhibition, complete summation does not 
occur, the combined effect falling short of the sum of the effects of the 
individual volleys. When both volleys are set up in the same nerve, 
the refractory period of the fibres prevents the effects of the second 
volley appearing until there is an interval between the volleys of some 4 
msec., but the second volley remains reduced in effect long after the 
refractory period of the nerves is passed. The interval required for the 
second volley to reach full effect varies in different experiments from 
between 12 msec. and 500 msec. Brown and Eccles (1934b) suggest 
that this phenomenon of the small effect of a second volley may indicate 
an exhaustion of the store of acetylcholine ready for liberation at the 
nerve endings, although it was not possible to exclude inhibitory proc- 
esses in the ganglionic system as being in part responsible (cf. Eccles, 
1935c). Gremels (1935) has studied the effects on the heart of repet- 
itive stimulation of the vagi and reports an interesting “extinction”’ 
phenomenon when both vagi are stimulated simultaneously, the in- 
hibitory effects of one vagus being removed by stimulation of the 
other. It is difficult in these experiments to be certain that the effects 
were entirely peripheral, since the repetitive stimuli were sufficient, in 
most instances, to cause a fall of bloodpressure and, although it oc- 
curred when both vagi were cut, and when the stellate ganglia were 
extirpated and the vagi intact, no experiments are reported in which 
the heart was completely decentralised. 

McSwiney and Robson (1929) studied the summation between two 
maximal volleys set up at varying intervals in the vagus supplying an 
isolated strip of gastric muscle of the cat. The summation curve ob- 
tained shows a first maximum at 100 msec. interval, followed by a 
trough at 800 msec., and a slowly rising curve as the stimuli are further 
separated. They attribute the first portion of the summation curve to 
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peripheral summation, and the similarity between these effects and 
those on the heart and nictitating membrane (Brown, 1934) certainly 
gives the impression that this evidences a summation effect of the liber- 
ated transmitter. Their interpretation of the secondary rise as true 
-muscular summation seems legitimate. Further experiments on simi- 
lar lines to the above, when the tissues are under the influence of eser- 
ine and small doses of atropine, should yield very interesting results. 

d. Production of ‘‘distant’’ effects. The long duration of the effects 
even of single nerve volleys, in the muscarine-like transmissions, indi- 
cates the persistence of the liberated transmitter for some time at its 
site of action, and the further prolongation of its action by eserine 
shows that much, at least, of its decline is due to cholinesterase. There 
is considerable evidence that the enzymatic destruction of liberated 
acetylcholine in the heart is attributable not to blood esterase, but to 
the esterase content of the muscle fibres upon which it acts (Brown and 
Eccles, 1934a). Hence, not only is the body amply protected against 
diffusion of acetylcholine from its site of liberation by the tissue esterase, 
but a further barrier is provided by the blood. It is therefore not sur- 
prising that effects due to diffusion to more distant tissues are, with 
one exception, very rarely observable, in the absence of eserine, when 
cholinergic nerves are stimulated. The exception is the ‘‘vasodilator’’ 
contractures described above. The occurrence of these contractures 
is, however, easily understood if allowance is made for /, the extraordi- 
nary sensitivity of denervated skeletal muscle to acetylcholine (see 
Brown et al., 1936), and 2, the fact that its response is but little depend- 
ent on the rapidity of access of acetylcholine to it (Brown, 1937c). 
There is another reaction of tissues to acetylcholine which will be dis- 
cussed later, but which may be included under “‘distant”’ effects; that is, 
the reaction of certain cells of a tissue to acetylcholine liberated on 
other cells in the same tissue. This phenomenon, which may be called 
action by local diffusion, is of importance since, as far as our present 
evidence goes, it is confined to the muscarine-like transmissions. 

e. Potentiation by eserine. Mention has already been made in several 
places of the potentiation by eserine of the effects of cholinergic nerves. 
A very complete discussion of the significance of this potentiation can 
be found in the paper by Dale and. Gaddum (1930), dealing with the 
reactions of denervated voluntary muscle, and the position is aptly 
summarised in their conclusion that ‘‘the effects of eserine further 
limit our choice . . . (of a chemical transmitter) to a choline ester readily 
hydrolysed by the tissues. Acetylcholine, the only choline ester which 
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has been shown to exist in the animal body, is pre-eminent in physiolog- 
ical activity . . . and in its liability to the hydrolytic destruction which 
eserine specifically inhibits.” 

So specific is the effect of eserine that a powerful potentiation by it of 
the effect of a nerve excitation can be taken as strong presumptive 
evidence that the effect is transmitted by acetylcholine. Nevertheless, 
caution must be used, if the deduction is based on this only, since eser- 
ine undoubtedly has the property of causing some rise of cellular excit- 
ability by an apparently nonspecific action. The degree of this non- 
specific effect can usually be determined by assessing the degree of 
potentiation by eserine of the actions of stable choline esters, choline 
itself, the quaternary ammonium bases, or a more general cellular 
stimulant such as K+ (see Feldberg and Vartiainen, 1934; Dale and 
Gaddum, 1930; Kahlson and Uvniis, 1935). 

f. Paralysis by atropine. The muscarine-like effects of acetylcholine 
are, without exception, prevented by the previous administration of 
atropine in small doses, but the effects of stimulation of certain nerves, 
apparently cholinergic, persist after sufficient atropine has been given 
entirely to suppress the action of externally administered acetylcholine. 
It must be emphasized that when a nerve effect is prevented by atropine, 
acetylcholine is still liberated by the nerve, but is unable to act upon the 
cell (Loewi and Navratil, 1924). The outstanding examples of anom- 
alous resistance to the action of atropine are as follows: the vasodilator 
effect of the posterior roots (Reid Hunt, 1918), chorda tympani and 
nervi erigentes, the motor effects of the pelvic nerve on the bladder, 
and the vagus on the intestine. The stomach muscle is frequently 
included in this list, but Harrison and McSwiney have recently shown 
that the action of the gastric vagus is affected by atropine approxi- 
mately equally with the heart. 

Dale and Gaddum (1930) have discussed these anomalous effects in 
some detail, and as Dale (1934) summarised the position later, the 
action of eserine points to the transmitter as one of the unstable choline 
esters, whose actions are known to be paralysed by atropine. The 
difficulty is not avoided by speaking of an “‘acetylcholine-like substance.” 
“If the atropine anomaly were sufficient to exclude the identification of 
the transmitter as acetylcholine, it could not be a choline-ester at all, 
as the action of eserine shows it to be.” 

Henderson and Roepke (1934, 1935) have suggested that in the 
bladder, two mechanisms exist, a tonic mechanism, sensitive to atropine, 
mediated by acetylcholine, and a contractile mechanism mediated in 
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some other way. This is reminiscent of the dual mechanism postulated 
by Monnier and Bacq (1935) to explain the reactions of tissues innerv- 
ated by adrenergic fibres, after the administration of 933F. The 
whole problem is very like that arising from certain reactions of skeletal 
muscle to nerve stimulation and to acetylcholine after curare, and full 
discussion will be deferred till later, but it may be said that the solution 
lies probably in the relative preponderance in the transmission process 
of what may be called direct chemical excitation and local diffusion. 


To summarise the features of the muscarine-like transmissions, they 
show: 


1. Long apparent latency. 

2. Long persistence locally of the transmitter. 

3. Summation by simple addition of the effects of the persisting 
transmitter. 

4. Local diffusion of transmitter and, in a certain instance, action of 
the transmitter at a distance. 

5. Increase in magnitude and duration of response by eserine. 

6. In certain instances paralysis by atropine. 

III. THE NICOTINE-LIKE TRANSMISSIONS. The gradual development 
of the conception that the nicotine-like actions of acetylcholine might 
indicate its physiological function as a transmitter at the ganglionic 
synapse, and at the neuro-muscular junction of skeletal muscle, has been 
reviewed by Dale (1934, 1935a, b). The intense actions of acetylcho- 
line on the ganglion cells of the sympathetic system and on skeletal 
muscle seemed to be without physiological significance, untii it was 
found that ganglia contained considerable amounts of acetylcholine 
(Witanowski, 1925; Chang and Gaddum, 1933). Further reason to 
suspect a functional significance was given by Feldberg and Minz’ 
(1933) discovery that acetylcholine transmitted the effects of the 
preganglionic sympathetic fibres supplying the suprarenal medulla. 
Direct investigation of the superior cervical ganglion by Feldberg and 
Gaddum (1933), using Kibjakow’s (1933) method of perfusion, showed 
beyond question that acetylcholine was liberated in the ganglion, as 
in the suprarenal, by preganglionic stimulation. This attribution of a 
cholinergic function to preganglionic sympathetic fibres led Dale and 
Feldberg to investigate the motor nerves to voluntary muscle, and, in 
1934, they were able to show that stimulation of a purely motor nerve 
caused the appearance of acetylcholine in the venous fluid from a per- 
fused muscle. Subsequent experiments, which will be referred to in 
more detail later, have fully confirmed the earlier speculations on the 
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involvement of acetylcholine in ganglionic and neuro-muscular trans- 
mission. 

In the light of this conception of the cholinergic nature of pregan- 
glionic sympathetic fibres and of motor nerves to skeletal muscle, Dale 
(1935a, b) has reconsidered the results obtained by Langley and Ander- 
son (1904) and Anderson (1905) on the regeneration of nerves after 
artificial cross-suture. The main details of their findings have been 
discussed by Bacq (1935), and in more detail by Eccles (1936). Briefly, 
it may be stated that all preganglionic fibres, whether sympathetic or 
parasympathetic, are functionally interchangeable; that somatic motor 
fibres can replace preganglionic fibres and vice versa; but postganglionic 
sympathetic fibres cannot be replaced by, or replace preganglionic 
fibres of either system, or motor nerve fibres, although postganglionic 
sympathetic fibres could readily replace each other. As Dale summa- 
rises the position, ‘‘any cholinergic fibre will functionally replace any 
other cholinergic fibre, and any adrenergic fibre will replace any other 
adrenergic fibre, but neither can assume the function of the other.”’ 

One objection to this general conclusion lay in the absence of evi- 
dence, from Langley and Anderson’s experiments, that sensory fibres 
could replace cholinergic fibres, although part, at least, of their periph- 
eral ending is cholinergic (Wybauw). This discrepancy has been largely 
eliminated by Weiss’ (1934) demonstration that, in the toad, regenerat- 
ing fibres, growing either centrally or peripherally from a posterior 
root ganglion, can make functional union with voluntary muscle. The 
existence of a cholinergic function at one end of a nerve fibre is sugges- 
tive, as Dale points out, of a cholinergic function at the other, that is, 
in the central synapse. Whether, eventually, proof of chemical trans- 
mission in the central nervous system will appear, remains to be seen, 
but data of considerable interest on the actions of acetylcholine and 
inhibitors of cholinesterase on the central nervous system are steadily 
accumulating (for full literature see Schweitzer and Wright, 1937). 

IV. TRANSMISSION AT THE GANGLIONIC SYNAPSE. Before consider- 
ing the function of acetylcholine as the transmitter at the ganglionic 
synapse, some reference must be made to the main features of gangli- 
onic transn:ission, but no detailed consideration is necessary, as Eccles 
(1936) has given an admirable account of these in his recent review. 
The following data rcfer to the superior cervical ganglion. 

a. Unidirectiona' sonduction—postganglionic impulses are never 
transmitted to preg»nglionic fibres (Bishop and Heinbecker, 1932; 
Brown, 1934; Eccles, 1935,b). 
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b. The synaptic delay is short, 2 to 4 msec. (or even less, see f. below) 

c. The absolute refractory period of the ganglion cells is of the order 
of 3 msec. 

d. A single maximal preganglionic volley evokes a single discharge 
of all the ganglion cells. There is little or no evidence of after dis- 
charge in the normal superior cervical ganglion. 

e. A single preganglionic axon supplies fibres to many cells and each 
cell receives fibres from more than one preganglionic axon, i.e., there is 
convergence of the preganglionic axons. 

f. A single preganglionic volley leaves behind it for some 200 msec. 
a condition of increased excitability of the ganglionic cell. This per- 
sisting facilitation increases the number of cells responding to a second 
submaximal volley (spatial facilitation) and shortens the synaptic 
delay of a second volley in the ganglion cells which have responded to 
the first (temporal facilitation). 

g. A single preganglionic volley leaves behind it a period of depres- 
sion of the ganglion cells, overlapping the end of the period of raised 
excitability, and peristing for as long as 500 msec. 

It must be made clear at this point that these persisting states of ex- 
citation and inhibition (C.E.S. and C.1.8. Eccles, 1935c) are properties 
of the ganglion cell and are a result of its excitation. They are nor- 
mally produced by preganglionic stimulation, but also occur as the 
result of antidromic impulses traversing the cell (Eccles, 1936a). 

Evidence that acetylcholine is the synaptic transmitter. The primary 
experimental facts upon which is based the theory that acetylcholine 
is the synaptic transmitter in the ganglion are as follows: 

a. The ganglion is excitable by acetylcholine, injected in minute 
amounts into its vascular supply. 

b. When the preganglionic nerves are stimulated, acetylcholine is 
liberated in the ganglion and, in the presence of eserine, appears in the 
venous effluent, whether this be blood or perfusion fluid (Feldberg and 
Gaddum, 1934; Feldberg and Vartiainen, 1934). 

c. In certain circumstances, the concentration of acetylcholine lib- 
erated into the venous effluent as a result of preganglionic stimulation 
may be sufficient to excite ganglionic discharge, if reinjected into the 
the fluid perfusing the ganglion (Feldberg and Gaddum, 1934). 

d. Paralysis of the ganglion cells by nicotine, eserine, curarine and 
excess K+, while blocking conduction, does not interfere with the libera- 


tion of acetylcholine (Feldberg and Vartiainen, 1934; Brown and 
Feldberg, 1936a). 
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e. Excitation of the ganglion cells by antidromic impulses, or direct 
excitation of the cells by nicotine and by K+ does not cause a liberation 
of acetylcholine (Feldberg and Vartiainen, 1934; Brown and Feld- 
berg, 1936a). 

f. Points d and e point to the preganglionic terminals as the source 
of acetylcholine. This is confirmed by the fact that degeneration of 
the preganglionic fibres leads to an almost complete disappearance of 
the very large amounts of acetylcholine normally extractable from a 
ganglion (Brown and Feldberg, 1936a). 

g. Further evidence that the preganglionic terminals liberate the 
acetylcholine is provided by the fact that no acetylcholine is liberated 
in the ganglion nodosum of the vagus when the nerve fibres entering 
it are stimulated (Feldberg and Vartiainen, 1934). 

h. The ganglion contains large amounts of active cholinesterase, 
which appears again to be associated with the preganglionic terminals, 
since it undergoes a significant reduction when these are caused to 
degenei ate (Briicke, 1937). 

i. In certain conditions eserine can produce a potentiation of the ef- 
fects of preganglionic stimulation. 

It is quite clear from the above that the evidence for chemical trans- 
mission in the ganglion is as strong as, or stronger even, than that 
available for many of the muscarine-like transmissions by acetylcholine. 
Indeed, the highest concentration of acetylcholine liberated from the 
ganglion during nerve stimulation (1:10’), is far greater than that ob- 
tainable from any other tissue. The picture of ganglionic transmission 
must be, then, the liberation on the surface of the cell and its dendrites 
of many minute charges of acetylcholine, and the excitation of the cell 
by them. This liberation and excitation must take place within the 
synaptic delay. Within the refractory period of the cell, the liberated 
acetylcholine must be reduced to a subliminal concentration by some 
means, the most obvious being hydrolysis by that local concentration 
of esterase at the nerve terminals, for which there is evidence (see h 
above). There is reason to believe that acetylcholine injected into the 
blood vessels of a ganglion produces a series of discharges from the 
ganglion cells and hence it would seem reasonable to suppose that 
acetylcholine, persisting in supraliminal concentration in contact with 
the cell, should produce a repetitive discharge of the cell. \If this is 
so, then inhibition of the ganglionic esterase by eserine might be ex- 
pected to cause local persistence of the liberated acetylcholine and re- 
petitive discharge to single preganglionic volleys. 
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* Feldberg and Vartiainen (1934) were able to demonstrate conclusively 
that small concentrations of eserine produced a potentiation of the 
effects of repetitive submaximal preganglionic stimuli, and Eccles 
(1935d) has shown that eserine may bring to light a small after-dis- 
charge of the ganglion cells, after a maximal preganglionic tetanus. 
When the effect of single preganglionic volleys is studied, eserine causes 
an increase in the number of cells discharging, when the volley is sub- 
maximal; but when the preganglionic single volley is maximal, no change 
is visible in the electrical record from the ganglion, with doses of eserine 
up to that sufficient to block conduction (Eccles, 1935b). Not only 
is the spike potential unaffected, but Eccles finds that the curve of 
facilitation is also unchanged. Arguing that facilitation is causally 
related to the synaptic transmitter, he maintains that absence of pro- 
longation of the facilitation curve must show that eserine does not cause 
persistence of the transmitter, and hence, either acetylcholine is not 
the transmitter, or its disappearance during the refractory period is not 
attributable to cholinesterase. On this assumption, the potentiating 
effects of eserine must be assigned to its non-specific effect in lowering 
the cellular threshold (Feldberg and Vartiainen 1934). Certain fea- 
tures of the actions of acetylcholine on the cell must be considered be- 
fore giving too much significance to the absence of effect of eserine on 


the curve of facilitation. Acetylcholine, when injected into a ganglion” 


in concentrations very slightly above that required to stimulate, causes 
a depression and eventually nicotine-like paralysis of the ganglion cell, 
and this effect is especially easy to elicit when the ganglion is treated 


with eserine (Feldberg and Vartiainen, 1934). The potentiating effect-- 


of eserine on preganglionic volleys can only be elicited when these are 
submaximal and set up at a very low frequency; with maximal volleys 
and frequencies of 10 per sec. or more, acetylcholine accumulates to 
such an extent that the ganglion becomes partially paralysed (Brown 
and Feldberg 1936b). It is clear, therefore, that the eserine potentia- 
tion is uncertain, since a persistence of acetylcholine above a very low 
concentration gives rise to a nicotine-like paralysis of the ganglion. 
Eccles (1935b) has shown that nicotine in minute doses can diminish 
the process of facilitation, and at the same time, by its own action, lower 
the threshold of the cell for the discharge of impulses. In the ganglion 
under eserine, there is liberated at each preganglionic volley a sub- 
stance having, in addition to its immediate excitant action, a nicotine- 
like depressant action, and the facilitation curve is the direct, or in- 
direct, resultant of these two opposing actions; changes, or absence of 
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changes, in it must therefore be interpreted with caution. There cer- 
tainly exist difficulties in the action of eserine; the failure to cause ob- 
vious repetitive discharge and to affect the time-course of the “detona- 
tor response” of the ganglion cell (Eccles, 1936b) are difficult to explain, 
especially in view of the action of eserine on skeletal muscle. More 
experimental data are required, particularly, it would appear, on the 
responses of ganglia to repetitive stimulation of the preganglionic 
fibres. 

V. TRANSMISSION BY ACETYLCHOLINE AT THE NEURO-MUSCULAR JUNC- 
TION. The chief considerations which led to the conception of the rdéle 
of acetylcholine as the neuro-muscular transmitter in skeletal muscle 
have already been referred to, and it is proposed now to tabulate the 
main points of evidence as was done with the ganglion. 

a. Regeneration experiments show that the motor nerves to skeletal 
muscle can replace and be replaced by cholinergic fibres (Dale, 1934, 
1935a, b). 

b. Stimulation of the motor nerve to perfused voluntary muscle 
liberates acetylcholine into the venous effluent. Direct excitation of 
denervated muscle does not liberate acetylcholine. When neuro- 
muscular conduction is blocked by curarine, motor nerve stimulation 
still releases acetylcholine (Dale et al., 1936). 

ec. Injection of acetylcholine, directly into the arteries of normal 
mammalian muscle causes a quick twitch-like contraction. An injec- 
tion of as little as 2y will cause a contraction with a tension equal to a 
maximal motor-nerve twitch, and an injection of 10-207, a twitch of 
several times that tension (Brown et al., 1936; Bacq and Brown, 1937). 
This action is common to all substances having a nicotine-like action. 

d. The response of muscle to acetylcholine, so injected, is a brief 
asynchronous tetanus, consisting of propagated ‘‘All or Nothing”’ re- 
sponses starting at a frequency of some 200 per sec. and gradually falling 
in frequency (Brown, 1937b). These propagated disturbances probably 
arise from the region of the nerve ending on the muscle fibres (Brown, 
1937c). 

e. Small concentrations of acetylcholine injected into the arteries of 
frog’s muscle evoke a similar outburst of propagated contractions which 
are succeeded, if higher concentrations are injected, by the well-known 
contracture (Brown 1937a, c). 

f. Under suitable conditions the administration of eserine changes 
the response of the muscle to a single motor nerve volley, from a single 
twitch to a brief, waning, tetanus of the muscle fibres, which produces 
a tension twice or more that of the normal twitch (Brown et al., 1936). 
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+g. This potentiation is produced by other substances inhibiting cho- 
linesterase, and the potentiation is proportional to their activity in 
vitro as inhibitors of esterase (Bacq and Brown, 1937). 

Such are the main experimental facts upon which the theory is based 
and in its latest development it stands as follows; the nerve impulse 
sets free a minute charge of acetylcholine in intimate contact with the 
muscle end-plate where it sets up the propagated disturbance in the 
muscle fibre. Within the refractory period, the liberated acetylcholine 
is destroyed by a local concentration of esterase at the nerve ending or 
end-plate, for the existence of which direct evidence has recently been 
obtained by Marnay and Nachmansohn (1937). Inhibition of this 
esterase by eserine, or one of its analogues, allows the liberated acetyl- 
choline to persist, and set up a repetitive discharge of muscle fibres, 
the frequency of which is determined by the refractory period of the 
fibres and the decay of the concentration of acetylcholine. Certain 
objections have been raised to this interpretation of the experimental 
facts, among them the great disparity between the amount of acetyl- 
choline which must be injected to produce a contraction of tension equal 
to the twitch (2.07) and the amount, calculated from the quantity 
collected during stimulation, as produced at the nerve endings by a 
single volley (0.000027).!_ However, as Brown et al. (1936) point out, 
the acetylcholine contraction is a completely asynchronous tetanus, 
and direct comparison of it with a synchronous twitch is difficult; the 
amount of acetylcholine collected in the venous effluent must represent 
only a small fraction of what is liberated, and, on the other hand, only 
a very minute proportion of the injected acetylcholine ever reaches the 
end-plate (see Brown, 1937c). It has been contended (Eccles, 1936c) 
that the action of eserine is upon the muscle fibre directly, so raising its 
excitability that it responds with repetitive discharge to any single 
stimulus. Comparison with the action of veratrine, however, makes 
such an explanation very doubtful (but see Eccles, 1936c). Veratrine 
produces a potentiation superficially very like that of eserine, but un- 
like eserine, its activity is not altered by anesthetics, denervation or 
curarisation of the muscle (Bacq and Brown, 1937); in other words, the 
eserine group act only when neuro-muscular conduction is unimpaired 
and the acetylcholine-liberating mechanism is intact. The following 
facts, moreover, are very difficult to explain on any hypothesis other 
than the action of protected and persisting acetylcholine on the muscle 


1In the paper by Brown et al. this figure was erroneously given as 0.027. As 
indicated above, the correct figure shows an even greater disparity than that 
which they discussed. 
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fibre. a. After eserine, the excitant action of injected acetylcholine is 
followed by depression of the muscle to subsequent nerve volleys, and 
this effect can be imitated exactly by a brief tetanic stimulation of the 
nerve (Bacq and Brown, 1937). The depressant effect of too frequent 
nerve volleys after eserine may obscure the potentiation, and, as 
Bacq and Brown, and Morison and Rosenblueth (1936) point out, this 
accounts for the earlier failure of Rosenblueth et al. (1936) to detect 
the potentiating effect of eserine and its analogues on the motor nerve 
twitch. 6. When the effects of eserine are wearing off, a single volley 
may not produce repetitive discharge, but two suitably timed volleys 
summate peripherally, and evoke a long lasting firing of the muscle fibre 
(Brown, 1937b). c. The presence in a weakly-eserinised muscle of 
acetylcholine, insufficient in itself to cause any response, causes the 
muscle to give a repetitive response to a single volley (Brown, 1937b). 
Lack of space precludes a full description of the effects of eserine on 
muscle, but it is sufficient to say that, under eserine, all the effects of 
injected acetylcholine can be faithfully reproduced by suitably-timed 
tetanic stimulation of the motor nerve. 

Many features of the actions of eserine and acetylcholine on muscle 
need further elucidation. The apparent coexistence of a depressant 
action with prolonged excitation of the muscle under eserine, and the 
apparent failure of successive nerve volleys to augment this depression 
(Brown 1937b), and the anticurare actions of acetylcholine and eserine 
(Rosenblueth et al., 1936; Briscoe, 1936) are by no means understood. 
In fact, as Brown et al. (1936) point out, “‘there are many of the phe- 
nomena of the excitation of a muscle through its nerve, the interpreta- 
tion of which will need to be reconsidered in the light of the theory of 
chemical transmission.” 

VI. CHARACTERISTICS OF THE NICOTINE-LIKE TRANSMISSIONS BY ACE- 
TYLCHOLINE. It will be convenient, as in the instance of the mus- 
carine-like transmissions, to summarise the main features of the nico- 
tine-like transmissions. 

a. Latent period. The synaptic delay in the ganglion is short, as 
little as 2 msec., and the neuro-muscular delay may be not more than a 
fraction of a millisecond. 

b. Duration. In ordinary circumstances, the transmitter excites 
its effector cell and is destroyed within the refractory period of the re- 
sponding tissue; that is, to use the analogy from electrical excitation, 
the transmitter would appear to persist only during the utilisation time 
of the tissue. A persistence of the transmitter (as induced by eserine) 
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may evoke repetitive discharge, as in muscle, or may bring to light 
another process—the depression observed in the ganglion, or the con- 
tracture in frog’s muscle (Cowan, 1936; Feng and Shen, 1937). There 
is no evidence whatsoever that persistence of the transmitter is in any 
way directly responsible for the persisting excitatory or inhibitory 
states (C.E.S. or C.I.8.) observed in ganglia and probably existing also 
in muscle. These appear to be properties of the cell, however excited. 

c. Summation. The normal short duration of the transmitter pre- 
cludes the existence of summation by direct addition of the effects of 
persisting transmitter. There is evidence, however, that under the in- 
fluence of eserine, a “background” of acetylcholine, produced either by 
actual injection of acetylcholine, or by nerve stimulation, can enhance 
the effects of the transmitter liberated into the “background” (Brown, 
1937b). 

d. Action of eserine. Eserine may cause repetitive discharge by pro- 
ducing persistence of the transmitter in mammalian muscle, but in frog’s 
muscle (Kruta, 1935; Feng, 1936; Cowan, 1936) the effect is either 
absent or difficult to detect.2, In the ganglion no certain answer can be 
given. It is probable that the variations in action of eserine in the 
nicotine-like transmissions are due to the depressant action of the 
persisting transmitter. | 

e. Action of curare. Substances having a curare-like action do not 
interfere with the liberation of the transmitter, but prevent its action 
on the cell. In the case of muscle, the action of injected acetylcholine 
is more readily prevented by curare than is the effect of a nerve impulse. 
This probably means that by no artificial means of application can a 
momentary concentration of acetylcholine be attained at the end- 
plates, which in any way approaches the intensity of that liberated by 
nerve stimulation. This sensitivity of the effect of slowly diffusing 
transmitter to paralysing drugs is of interest in connection with the 
next section. 

f. “Distant” effects. Distant effects do not occur with nicotine-like 
transmissions in the absence of eserine. Even in the presence of eser- 
ine, their occurrence is doubtful. 

The extremely short duration of the transmitter and the consequent 
absence, not only of distant effects, but also of effects due to local 


2 IT have been privileged to see, in manuscript, a forthcoming paper by Doctor 
Feng, in which he is able to show that the eserine potentiation can regularly be 
obtained in amphibian muscle, if the interval between the stimuli applied to the 
nerve is sufficiently long (5 min.). 
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diffusion, offers a very interesting contrast to the phenomena observed 
in the muscarine transmissions. Eccles and Magladery (1937b) have 
shown that the smooth muscle of the nictitating membrane shows a 
dual type of response to adrenaline, a, the setting up of propagated 
contractions, and b, the occurrence of a contracture. This dual re- 
sponse to a chemical transmitter is seen in denervated mammalian 
muscle and in normal frog muscle (Brown, 1937a, c) and in the am- 
phibia the dual response may be evoked by nerve stimulation under 
eserine (Cowan, 1936; Feng and Shen, 1937). Reference has already 
been made to the occasional dissociation of nerve effects and the re- 
sponse of the tissue to artificially applied transmitters produced, by 
933F. in the case of the nictitating membrane (Monnier and Bacq, 
1935), and by atropine in that of the bladder (Henderson and Roepke, 
1934, 1935). Such dissociations might well be explained on the as- 
sumption of a dual response—a direct excitation of the cell by the 
transmitter liberated in close proximity to it, and a secondary excitation 
of the cells, evoking either a similar response or one more of the nature 
of a contracture, by the local diffusion of the transmitter, persisting 
after its first action was completed. On these lines it is possible to pic- 
ture the gradual development of the transmission process from slowly 
diffusing neuro-humours (Parker, 1936), to the muscarine-like trans- 
missions in the mammal, in which there is a combination of direct trans- 
mission with local diffusion, to frog’s skeletal muscle in which the quick 
transmission process is predominant, but in which the effects of slow 
diffusion can be seen in special circumstances, and finally to the mam- 
malian neuro-muscular junction in which the quick process only is 
present. 

VII. THE STORAGE AND LIBERATION OF ACETYLCHOLINE. Most tis- 
sues of the body contain acetylcholine in greater or less amounts 
(Gaddum, 1936), but its existence in large quantities does not neces- 
sarily imply that it is functionally important, as shown by the amounts 
present in the spleen of the horse and cow and in the human placenta. 
There is reason to believe that the acetylcholine concerned in trans- 
mission is held in some inactive form at the terminals of cholinergic 
nerves, and therefore the acetylcholine content of a tissue should vary 
as the ratio of nerve terminals to the general mass of the tissue. A good 
contrast in this respect is provided by the sympathetic ganglion and 
skeletal muscle, in which the transmission processes are similar. The 
ganglion, in which there is a network of preganglionic fibres and a rela- 
tively small mass of reacting tissue, has a very high content of acetyl- 
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choline, whereas skeletal muscle, in which the amount of nerve tissue 
represents only a very minute fraction of the whole, is relatively poor 
in acetylcholine. 

The question of most fundamental interest is whether the nerve im- 
pulse liberates acetylcholine from a preformed store, which is renewed 
by subsequent synthesis, or whether each nerve impulse individually 
synthesises the acetylcholine requisite for transmission. Experiments 
on the frog’s heart failed to demonstrate any immediate synthesis 
(Vartiainen, 1934); and Brown and Feldberg’s (1936b) experiments on 
the superior cervical ganglion show that prolonged stimulation produces 
no change in the amount of acetylcholine extractable from a tissue. 
Yet, even in the perfused ganglion, prolonged stimulation is capable of 
causing the output into the perfusion fluid of an amount of acetylcho- 
line some five times greater than the amount extractable from the 
ganglion. These facts are compatible with the view that each impulse 
synthesises the acetylcholine requisite for its immediate transmission 
and that the quantity extractable from the ganglion has no direct 
relation to the process. It is difficult, however, to imagine synthesis 
taking place within the duration of the synaptic delay. As Brown and 
Feldberg (1936b) point out, a possible variant of the ‘‘dep¢t” theory 
is that the acetylcholine is synthesised, not at the arrival of the impulse, 
but during the ensuing refractory period, although this offers almost 
as much difficulty, on the ground of time available, as the theory of 
immediate synthesis. There are some indications, however, that the 
period required for complete renewal may outlast the refractory period. 
Thus Brown and Eccles (1934b) observed that a second volley set up 
in the cardiac vagus, well outside the refractory period of the nerves, 
might have a smaller effect than the first. In the ganglion, the amount 
of acetylcholine liberated by a series of maximal preganglionic volleys 
is greatly in excess of the minimum required to produce full excita- 
tion of the ganglion cells (Brown and Feldberg, 1936b). A single 
volley to skeletal muscle apparently liberates a greatly supraliminal 
amount of acetylcholine (Brown, 1937b), and Brown and Dale 
(1937) have evidence that in a succession of nerve impulses each suc- 
cessive impulse liberates progressively less of the transmitter if they 
are sufficiently close together. This view of the process would entail 
an eventual exhaustion of the transmitter, if activity of the nerve were 
maintained continuously. Continuous activity of a single functional 
unit, over long periods, is a rare event in the intact animal, and even in 
the long continued activity of a muscle or a ganglion there might be a 
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periodic intermittence in the activity of single units, which would allow 
recovery of the transmitter to occur. The above mentioned observa- 
tions on the heart, the sympathetic ganglion, and on skeletal muscle 
bring out a point of importance, namely, that the amount of transmitter 
liberated cannot be regarded as an “all or nothing”’ reaction. A con- 
tinuous gradation from greatly supraliminal concentrations to amounts 
below the threshold of the effector cell must be pictured; the “‘all or 
nothing”’ process in the nerve liberates a variable quantity of trans- 
mitter, which sets up once more an “all or nothing’’ response in the 
effector cell. 

Relatively little is known of the processes involved in acetylcholine 
synthesis in the tissues, but information is gradually accumulating. 
Earlier investigations are summarised by Gaddum (1936); more re- 
cently Brown and Feldberg (1936b) have observed synthesis to occur in 
the perfused superior cervical ganglion. Quastel et al. (1936) have de- 
termined the output of acetylcholine by brain slices, and Stedman and 
Stedman (1937) have been able, not only to detect acetylcholine syn- 
thesis in brain tissue in the presence of eserine and chloroform, but to 
isolate and crystallize the acetylcholine produced. Brown and Feld- 
berg (1936) found that synthesis was accelerated by blood or serum, 
but they were unable to detect any augmentation with other substances, 
excepting choline, the action of which, however, was irregular. Quas- 
tel’s experiments show that choline ester formation is an aerobic process, 
and there is evidence of a close link between glucose metabolism and 
choline ester metabolism. It is noteworthy that all the above authors 
find that acetylcholine synthesis takes place readily in the presence of 
eserine. 

The actual process of the liberation of acetylcholine has yet to be 
elucidated. There is some evidence that the wave of mobilisation of 
K* associated with the propagated disturbance in nerve may be one of 
the factors concerned (Brown and Feldberg, 1936b; Feldberg and 
Guimarais, 1936), and further investigation on these lines may provide 
interesting information. 

In conclusion one may say that the evidence for the existence of the 
slower forms of transmission by acetylcholine seems conclusive. There 
is almost equally strong evidence that acetylcholine plays a very im- 
portant, if not the chief rdle in the quick transmissions, such as occur 
in ganglion cells and in the skeletal neuromuscular junction. It would 
be premature to embark on a discussion of the part played by acetyl- 
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choline in the central nervous system, but central synaptic transmission 
resembles closely ganglionic and neuro-muscular transmissions, and for 
that reason the search for a central transmitter must be for a transient 
cellular excitant, and not for hypothetical substances responsible di- 
rectly for the persisting states of excitation and inhibition. 
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THE TRANSMISSION OF SYMPATHETIC NERVE 
IMPULSES 


A. ROSENBLUETH 
Department of Physiology in the Harvard Medical School 


If the sympathetic nerves are considered between their exit from 
the spinal cord and their peripheral ending in the effectors two junc- 
tions are present, one at the ganglion, the other at the periphery. The 
title of this review might suggest, therefore, a discussion of synaptic 
transmission at the ganglia. The review will deal, however, only with 
neuro-effector transmission. A further limitation of the subject will 
be made, as follows. Although usually the postganglionic sympathetic 
nerve impulse acts on the effector by the intermediary of an adrenaline- 
like substance, sympathin, in a few instances the chemical mediator is 
not sympathin, but acetylcholine (for references see Gaddum, 1936). 
The latter, cholinergic (Dale, 1933), instances will be disregarded here. 

A. Evidence for the release of sympathin on stimulation of sympathetic 
nerves. In all the experiments to be mentioned in this section changes 
in the composition of the fluids coming from a stimulated organ, which 
will be called the source, were detected by the action of these fluids 
on suitable physiological indicators. 

The early observations were performed on perfused organs. Al- 
though a few negative experiments have been published, the positive 
evidence is overwhelming. Table 1 summarizes these positive results. 
Cannon and Bacgq (1931) first demonstrated that in intact animals with 
a normal blood-supply stimulation of sympathetic nerves leads to the 
passage of a sympathomimetic substance into the blood stream; this 
substance they called sympathin. Numerous experiments performed 
since have generalized the phenomenon. In these studies the indi- 
cators have been remote structures in the same organism, usually de- 
nervated in order to eliminate any but humoral influences. Table 2 
summarizes the results obtained in cats. Similar effects have also been 
reported in dogs (Rosenblueth and Phillips, 1932; Binet, Gayet and 
Quivy, 1934). 

From this evidence it may be concluded that stimulation of sympa- 
thetic nerves sets free one or more substances capable of mimicking 
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the sympathetic influence on similar or on other quite different effectors. 
much as adrenaline mimics the sympathetic in a wide variety of reacting 
structures. 

B. Similarities between sympathin and adrenaline. Tables 1 and 2 
show a striking similarity of the physiological actions of sympathin 
and adrenaline. This similarity is further emphasized by other physi- 


TABLE 1 


Release of sympathin from perfused organs on stimulation of their sympathetic 
nerve supply 





SOURCE INDICATORS AUTHORS 





Heart (chronotropism and | Loewi (1921) 





Heart (toad)......... 








inotropism) 
Heart (chronotropism and | Loewi (1922) 
inotropism) 
| Heart (chronotropism and | Atzler and Miiller (1925) 
| inotropism) | 
| Heart (chronotropism and | Kahn (1926) 
inotropism) 
| Heart (chronotropism and | Lanz (1928a) 
Heart (frog)........ inotropism) | 
| Heart (chronaxie) | Fredericq (1925) 
|| Intestine Brinkman and van Dam 
| (1922) 
Intestine | Lanz (1928b) 
Intestine | Kiilz (1928) 


Leg vessels Lanz (1928b) 








|| Leg vessels Tschannen (1933) 
Heart (rabbit)....... Intestine Jendrassik (1924) 
Heart (cat, dog and 
rabbit).............| Heart Rylant (1927) 
Intestine (rabbit)....| Intestine Finkleman (1930) 
Leg vessels (frog)....| Heart Lehmann (1932) 
Tongue vessels (dog) .| Intestine (rabbit) Bain (1933) 








ological tests. Denervation of the reacting indicators increases their 
sensitivity to sympathin (Cannon and Bacq, 1931; Rosenblueth and 
Cannon, 1932), much as it increases their sensitivity to adrenaline 
(Elliott, 1905). The effects of sympathin and adrenaline sum freely 
(Rosenblueth and Cannon, 1932; Rosenblueth and Rioch, 1933a). 

The common embryological origin of the chromaffine cells of the 
adrenal medulla and of the sympathetic ganglion cells also suggests 
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TABLE 2 


Release of sympathin from organs with a normal blood flow on stimulating their 











sympathetic nerve supply. Cats 
SOURCE INDICATOR AUTHORS 
(| Heart rate ' Cannon and Bacq (1931) 
Blood pressure Cannon and Bacq (1931) 
Lumbar  sympa- _Rosenblueth and _ Schlossberg 
thetic distribu- | (1981) 
Ee a {| Nictitating membrane | Rosenblueth and Cannon (1932) 





Sciatic distribution. 


Cervical sympa- 
thetic distribu- 





Gastro-intestinal 
ER aR = 


Uterus and bladder. 





Submaxillary gland 
Intestine 

Blood sugar 
Non-pregnant uterus 
Iris 

Heart rate 

Intestine 

Retractor penis 
Non-pregnant uterus 
Blood pressure 
Nictitating membrane 
Pregnant uterus 
Non-pregnant uterus 
Iris 

Blood sugar 

Blood pressure 

Heart rate 
Nictitating membrane 
Spleen 

Leg vessels 

Pregnant uterus 

Iris 

Heart rate 
Nictitating membrane 
Leg vessels 
Non-pregnant uterus 
Nictitating membrane 
Nictitating membrane 
Nictitating membrane 
Blood pressure 

Heart rate 





their ability to secrete similar agents (see Bacq, 1933). 


Cannon and Bacq (1931) 


| Baeq (1933) 


Bacq (1933) 


Cannon and Rosenblueth (1933) 
| Baeq (1933) 


Bacq and Brouha (1932) 
Bacq (1933) 


| Baeq (1933) 


Bacq (1933) 
Cannon and Rosenblueth (1933) 


' Cannon and Rosenblueth (1933) 


Cannon and Rosenblueth (1935a) 
Cannon and Rosenblueth (1933) 
Cannon and Rosenblueth (1935b) 


| Bodo and Benaglia (1936) 


Cannon and Uridil (1921) 
Cannon and Uridil (1921) 


_ Rosenblueth and Cannon (1932) 


_Cannon and Rosenblueth (1933) 


Cannon and Rosenblueth (1933) 
Cannon and Rosenblueth (1935a) 
Cannon and Rosenblueth (1935b) 


| Cannon and Bacq (1931) 








Cannon and Rosenblueth (1933) 
Cannon and Rosenblueth (1933) 
Cannon and Rosenblueth (1933) 
Rosenblueth and Cannon (1932) 
Bacq and Fredericq (1935c) 
Cattell, Wolff and Clark (1934) 
Cattell, Wolff and Clark (1934) 
Cannon and Bacq (1931) 








A pharmacolog- 


ical similarity is revealed by cocaine, which sensitizes the responses to 
both adrenaline (Fréhlich and Loewi, 1910) and sympathin (Rosen- 
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blueth and Schlossberg, 1931). In the nictitating membrane (n.m.), 
moreover, sensitization by cocaine is quantitatively identical for in- 
jected adrenaline and for sympathin liberated locally by nerve impulses 
(Bacq and Fredericq, 1935a). 

The chemical observations which have been performed agree in sup- 
porting the similarity of the two substances. In 1926 Loewi and Nav- 
ratil found that, like adrenaline, the sympathetic mediator was ren- 
dered ineffective when mixed with eosine and exposed to ultraviolet 
light; and Lanz (1928b) reported that, like adrenaline, it becomes 
inert on standing in air for 24 hours or on being heated to 100°. More- 
over, Lanz (1928b) applied Russmann’s test for adrenaline—a darken- 
ing of the acidified solution on boiling after the addition of mercuric 
bichloride, sulphanilic acid and potassium acid iodate—to the perfusate 
from frogs’ hearts during accelerator stimulation, and obtained positive 
results. Bacq (see 1933) used Viale’s reaction for adrenaline—a slight 
modification of Russmann’s test—on the aqueous humor, on the tran- 
sudate after scarification and cupping of the skin, on the blood, and on 
endocardial extracts of cats or dogs with adrenals inactivated, collected 
in each instance after sympathetic stimulation, and recorded positive 
tests. Recently Loewi (1936), using Gaddum and Schild’s test— 
fluorescence in the presence of strong alkali and oxygen—has also re- 
ported positive results in frog-heart perfusates after sympathetic 
stimulation. 

Bacq and Henri (1933) and Bacq, Henri and Schepers (1933) studied 
the ultraviolet absorption spectrum of frog-heart perfusates during 
accelerator stimulation. The spectra of these perfusates and their varia- 
tions with changing pH agreed with the interpretation that the sym- 
pathomimetic agent might be adrenaline. 

C. Sympathin differs from adrenaline. In 1933 Cannon and Rosen- 
blueth, impressed by the similarities just mentioned, applied another 
pharmacological test—the action of ergotoxine. After injections of 
this drug adrenaline produces falls instead of rises of blood pressure 
(Dale, 1906); sympathin is liberated on stimulation of sympathetic 
nerves, even when the response of the source is slight or absent (Navra- 
til, 1927; Cannon and Bacq, 1931); if sympathin were adrenaline it 
should lead, therefore, to falls of blood pressure (b.p.). Cannon and 
Rosenblueth expected that the identity of sympathin and adrenaline 
would be confirmed, but their expectation failed. After doses of ergo- 
toxine, which resulted in all adrenaline injections causing falls of b.p., 
stimulation of the lumbar sympathetics yielded an immediate initial 
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fall during the stimulation but a marked prolonged rise at the time when 
circulating sympathin should act. Excitation of the hepatic nerves 
led to no immediate initial fall of b.p. and only to a large, prolonged 
rise at the time when cardiac acceleration demonstrated the presence 
of the active substance in the blood. 

The differences between lumbar and hepatic sympathetic stimulation 
after ergotoxine suggested comparing, without this drug, the effects of 
stimulation of different sources with the effects of adrenaline; serving 
as indicators were the nictitating membrane (n.m.), which responds 
by contraction, and the non-pregnant uterus (n.p.u.) of the cat, which 
responds by relaxation. When the different stimuli were adjusted so 
that the responses of the n.m. were the same for all, then sympathin 
from the gastro-intestinal tract duplicated the action of adrenaline on 
the n.p.u., sympathin from the heart produced much less relaxation 
than adrenaline, and sympathin from the liver did not elicit any relaxa- 
tion of the n.p.u. In other experiments the leg vessels were used as 
another differentiating indicator; equal amounts of adrenaline and 
hepatic sympathin, as indicated by the contractions of the n.m., had 
opposite effects on the leg volume—an increase with adrenaline, a de- 
crease with hepatic sympathin. 

Other differences between sympathin and adrenaline and between 
sympathins of various origins have been recognized since. Thus the 
b.p. responses to adrenaline after yohimbine are falls (Hamet, 1925), 
those to sympathin of gastro-intestinal or hepatic origin are rises 
(Cannon and Rosenblueth, 1935a). Using the n.m. and the iris as 
indicators, Cannon and Rosenblueth (1935b) observed that to equal 
responses of the n.m. the coincident dilatation of the pupil was maximal 
with adrenaline, intermediate with sympathin of cardiac origin and 
negligible with hepatic sympathin—this series of the sources in their 
ability to influence the pupil is the same which resulted from the obser- 
vations on the n.p.u., mentioned before. 

Another significant difference was noted by Rosenblueth and Mori- 
son (1934). The responses of the n.m. to sympathin from two sources, 
S, and Se, were separately quantified by adrenaline (A; and A,). Simul- 
taneous stimulation of the two sources (S; + S:) invariably yielded re- 
sponses of the n.m. greater than those obtained by injecting A; + Ag. 

Studies on the uterus of the cat have recently revealed another in- 
stance of a sharp difference between adrenaline and the sympathin 
produced locally on stimulation of the sympathetic nerves. In non- 
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pregnant cats which had ovulated without copulation, Ross (1937) 
systematically obtained pure relaxation from all doses of adrenaline 
and contractions succeeded by relaxation from all the stimuli applied 
to the hypogastric nerves. The same discrepancy was observed by 
Kennard (1937) in the early stages of the action of progestin on the 
n.p.u. A similar discrepancy between adrenaline and locally produced 
sympathin has been reported by Shen (1937). After 933F (see p. 521) 
adrenaline slows the frog’s heart, whereas stimulation of the cardio- 
accelerator nerves induces typically a faster rate. 

From the data reviewed in this section it may be concluded that 
sympathin liberated by stimulation of the cardiac, hepatic, lumbar 
and hypogastric sympathetic nerve fibers differs from adrenaline and 
that the sympathins derived from different sources may clearly differ 
in their properties. When Loewi (1936) stated that there are no reasons 
to suppose that the cardiac sympathetic mediator differs from adren- 
aline he ignored pertinent data, and when Eccles (1936) stated that it 
is probable that sympathin differs slightly from adrenaline he under- 
estimated the strength of the available evidence. 

D. Sympathin E and sympathin I. When Cannon and Rosenblueth 
(1933) encountered the noteworthy differences between adrenaline 
and sympathins from various sources, mentioned above, they considered 
two alternative theoretical approaches. On the one hand it was con- 
ceivable that there were several sympathetic mediators different for 
different structures and only distantly related to adrenaline. This 
view was dismissed because it neglected all the evidence for the close 
relationship between the physiological sympathomimetic substances 
reported in section B. On the second alternative the several sympa- 
thins could be conceived as modifications of a single original mediator— 
adrenaline. This hypothesis was deemed preferable since it preserved 
the close relationship between adrenaline and sympathin. 

The results obtained with the n.m. and the n.p.u. as indicators were 
consistent with the view that sympathin from a source where the 
sympathetic exerts exclusively (liver) or mainly (heart) excitatory 
effects has exclusively or mainly an excitatory action on the indicators 
(n.m.), whereas sympathin from the gastro-intestinal tract, where the 
sympathetic both excites the blood vessels to constriction and inhibits 
the smooth muscle of the gut, has both excitatory and inhibitory effects 
on the indicators (n.m. and n.p.u.). This concordance between the 
effects at the sources and those at the indicators suggested that only 
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two sympathins, conceived as modified adrenaline, were necessary to 
account for the data—an excitatory sympathin FE, and an inhibitory 
sympathin I. 

The next theoretical problems were those of the nature of the modi- 
fications of adrenaline which would yield the two sympathins, and the 
site where these modifications may occur. This problem is intimately 
related with that of inhibition itself. Why does adreraline (or acetyl- 
choline) cause some smooth muscles to contract and others to relax? 
When Langley was confronted with this question in 1905 he suggested 
that the differential factor which conditions the sign of the response 
was a receptive substance in the muscle itself. All the other explana- 
tions which have been offered to account for inhibition in smooth 
muscle are either so vague as to be unserviceable (e.g., Bacq, 1934; 
Monnier and Bacq, 1935; Eccles, 1936), or else have been shown inade- 
quate (cf. Bayliss, 1915; Howell, 1925). The problem is especially 
baffling in the cat’s uterus, in which progestin or pregnancy reverses 
within a few hours a response of relaxation into one of contraction. 

Langley’s suggestion was adopted by Cannon and Rosenblueth. 
A common mediator M (adrenaline) is assumed to combine with either 
of two receptive substances, E or I, in the effectors. The result of this 
combination issympathin. It is mainly sympathin, and not adrenaline, 
which diffuses into the blood stream because the nerve endings are in- 
tracellular in many autonomic effectors (see Cannon and Rosenblueth, 
1937a, for references). 

Eccles (1936) is wrong in stating that the theory of the two sympa- 
thins depends entirely on the validity of the hyperbolic relationship 
which Rosenblueth (1932a, b) reported as existing between the responses 
of effectors and the doses of adrenaline or the frequencies of stimulation 
of sympathetic nerves (see p. 533). According to the theory, a rec- 
tangular hyperbola should obtain if the combination of adrenaline with 
the receptive substance follows the kinetics of a monomolecular reaction, 
and if the responses as recorded are lineally proportional to the con- 
centration of sympathin. It is obvious, however, that these secondary 
assumptions are independent of those used in formulating the theory 
of the two sympathins. Thus, the kinetics of the combination of 
adrenaline with the receptive substance might not be those correspond- 
ing to a monomolecular reaction, or else the responses might be any 
complex function of the concentration of sympathin, whereupon the 
rectangular hyperbolas would not occur, although the theory of the two 
sympathins could still cover the facts adequately. 
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The plan of this review was organized to emphasize the independence 
of the assumptions of the theory of the two sympathins from those 
involved in the interpretation of the rectangular hyperbolas which 
obtain experimentally. The theory was developed in order to account 
for both the close relationship and the notable differences between 
adrenaline and the several sympathins studied, and also for the ability 
of adrenaline to excite some effectors and inhibit others; it was not for- 
mulated in order to explain the rectangular hyperbolas, as Eccles im- 
plies. 

E. Alternative explanations of the differences between adrenaline and 
sympathin. One alternative has already been considered (p. 519) and 
deemed unsatisfactory. Bacq (1934) has suggested the following alter- 
native hypotheses: 1, sympathin E is oxidized adrenaline; 2, sympathin 
E is noradrenaline; 3, sympathin E is adrenaline plus potassium ions; 
in the three cases sympathin I would be adrenaline. These alternatives 
were shown by Cannon and Rosenblueth (1935a, 1937a) to encounter 
serious objections when applied to the explanation of several experi- 
mental facts. Blaschko and Schlossmann (1936) tested directly hy- 
pothesis / and found it deficient. 

It is readily conceivable that many other alternative hypotheses 
could be found. For the present, however, notwithstanding some weak 
points (see Cannon and Rosenblueth, 1937a), the theory of the two 
sympathins appears to be the only one capable of accounting for the 
facts in its field. 

F. Can chemical transmission alone account for all the data available 
or is it necessary to postulate also electrical transmission? Monnier and 
Bacq (1935) came to the conclusion that chemical transmission alone 
fails to explain several experimental facts. Thus 7, Bacq and Fre- 
dericq (1935b) showed that after injections of piperidinomethylhenzo- 
dioxane (933F) the action of adrenaline on the n.m. is greatly reduced, 
whereas cervical sympathetic stimulation is nearly as effective as before; 
2, Bacq and Fredericq (1935b) further reported complex mechanograms 
of the n.m. on nerve stimulation after 933F which they attributed to 
two distinct components, phasic and tonic; 3, finally, they observed, 
with certain frequencies of stimulation, an initial high contraction which 
was not sustained but relaxed rapidly to a lower position. 

In relation to these reports Monnier and Bacq (1935) argue as fol- 
lows. If 933F greatly reduces the action of adrenaline it must likewise 
greatly reduce the action of sympathin, because of the close relation- 
ship of the two substances. Since nerve stimulation is still effective, 
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however, in producing contraction, some other mode of transmis- 
sion than the chemical should exist normally; they suggest that this 
second mode is electric in nature, the nerve action-potential stimulating 
the muscle directly. The dual mode of transmission is also used to 
explain the two components of the mechanogram recognized by Bacq 
and Fredericq—the phasic component would be the response to the 
nerve action-potentials, the tonic component, the response to sym- 
pathin. Monnier and Bacq finally argue that the unsustained responses 
after 933F denote Wedensky inhibition and that this inhibition can 
only be accounted for on an electrical basis. 

Observation 1 has been confirmed by Rosenblueth and Cannon 
(1936). It is possible, however, to account for this action of 933F 
exclusively ou the basis of chemical transmission. Injected adrenaline 
differs from locally produced sympathin in that the former has to trav- 
erse several barriers before reaching the intracellular reacting mecha- 
nism. Sympathin, on the other hand, is liberated in the immediate 
vicinity of this reacting mechanism, in all probability inside the muscle 
cells (see Cannon and Rosenblueth, 1937a). If 933F renders the cells 
impermeable to adrenaline, its differential action on the responses to 
the two modes of stimulation is reasonably explained. This interpre- 
tation is similar to that suggested by Dale and Gaddum (1930) for the 
differential paralysis to acetylcholine which atropine produces in some 
systems. 

The increase of the electrograms of the n.m. which occurs after 933F 
(Monnier and Bacq, 1935; Rosenblueth and Cannon, 1936) is consistent 
with the assumed decreased permeability of the reacting cells. The 
observations of Ross (1936) on the paralytic action of 933F on the 
responses of the n.m. to other substances than adrenaline also support 
the view. 

Observation 2 of Bacq and Fredericq (p. 521) has been confirmed by 
Kosenblueth, Davis and Rempel (1936), who found such complex 
mechanograms both before and after 933F. A satisfactory explana- 
tion is not available, but, since the phenomenon can occur without 
933F, it should probably not be attributed to any specific discriminative 
power of this drug. 

Observation 3 requires further investigation before a critical appraisal 
may be made. Rosenblueth, Davis and Rempel (1936) did not find 
that responses were significantly less sustained after than before 933F, 
on either preganglionic or postganglionic nerve stimulation of the n.m. 
In 1932 Orfas showed that at relatively high frequencies preganglionic 
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stimulation results in less sustained responses than postganglionic 
stimulation of the cervical sympathetic. This phenomenon was con- 
firmed by Rosenblueth, Davis and Rempel (1936) and by Cannon and 
Rosenblueth (1937b). The latter authors have shown that the fall of 
the response of the n.m. on preganglionic stimulation is the result of an 
insufficiency of acetylcholine (the synaptic mediator) at some of the 
ganglion cells. The observations of Bacq and Fredericq (1935b) were 
made with preganglionic stimulation, and although Bacq (1936) has 
inferred from indirect evidence that the ‘‘Wedensky inhibition” brought 
forth by 933F is not of ganglion origin the direct evidence of Rosen- 
blueth, Davis and Rempel (1936) contradicts this inference. 

It may also be mentioned that the statement of Monnier and Bacq 
(1935), that Wedensky inhibition may only be explained on an electrical 
basis, is not justified, for Rosenblueth and Morison (1937) have recently 
shown that two different conditions in which Wedensky inhibition occurs 
in skeletal muscle can be explained on the basis of chemical neuro- 
muscular transmission. 

According to the previous discussion it is possible to account for 
known facts by assuming exclusively a chemical transmission of the 
nerve impulses. It is unnecessary, therefore, to assume aiso a con- 
comitant electric transmission. There are, furthermore, arguments 
which render such an electric transmission unlikely. 

The first of these arguments is based on the electrical excitability of 
smooth muscle. For present purposes only the n.m. and pilomotors 
(p.m.) will be considered; a more complete statement of the problem 
is found below (p. 524). After degeneration of its nerve supply the n.m., 
although extremely sensitive to adrenaline (Elliott, 1905) is electrically 
inexcitable (Rosenblueth and Cannon, 1934; Monnier and Bacq, 1935). 
Denervation of the p.m. either by degeneration of the sympathetic 
strands (Rosenblueth and Cannon, 1934) or pharmacologically by injec- 
tions of ergotoxine (unpublished observations) reveals them likewise 
to be electrically inexcitable. If these smooth muscles do not respond 
to the experimentally applied electrical stimuli, even though the stimuli 
are intensified until visible damage of the tissues occurs, how can they 
respond to the minute electrical stimulus of the nerve action-potential? 
Eccles (1936) recognizes the difficulty but suggests that artificial 
electrical stimuli are heavily shunted by intervening tissues, whereas 
the penetration of nerves into cells provides optimal conditions for 
cathodal stimulation. This suggestion, however, lacks experimental 
support. Until direct evidence for electrical stimulation by the nerve 











524 A. ROSENBLUETH 


action-potential is available, that mode of activation may be considered 
highly improbable. 

The second argument against electrical transmission is furnished by 
the neuromuscular delays—at least 15 and 40 msec. for the n.m. and 
p.m. respectively (Rosenblueth, Davis and Rempel, 1936; ef. Eccles, 
1936). In discussing this delay Eccles first points out that in nerve 
axons a delay (0.2 to 0.4 msec.) between the electrical stimulus and the 
setting-up of an impulse may occur (Blair and Erlanger, 1936). The 
relevance of the analogy is not clear. What Blair and Erlanger’s 
experiments seem to show is that the local excitatory state of nerve 
(Lucas, 1917) has a time-course which may be independent of that of 
the direct effects of the electric current on the nerve—i.e., that elec- 
trical stimuli do not act directly on nerve. But the problem of neuro- 
muscular delay in connection with the hypothesis of electrical trans- 
mission is precisely that of deciding whether the nerve action-potentials 
act directly or via some intermediary process. 

Eccles suggests further that punctate activation of each cell, because 
of a large number of nerve endings per cell, might also lead to a delay, 
since some time would be occupied in the transmission, and consequent 
summation to threshold, of the local effects at the various endings. 
There is no evidence of everal nerve endings in smooth-muscle cells; 
indeed, the histological reports favor the view that only some of the 
cells are innervated (cf. Cannon and Rosenblueth, 1937a). And even 
if a rich innervation of every cell existed, Eccles’ failure to supply any 
direct evidence that subthreshold electrical stimulation of an excitable 
element at several different points may lead to a response, and that 
such a response, if present, is markedly delayed, leaves his suggestion 
as only speculative. 

A prolonged neuromuscular delay is accounted for by the assumption 
that it represents the time necessary for liberation or mobilization of 
the chemical mediator. 

G. The electrical excitability of smooth muscle. The evidence on this 
subject is conflicting. Much of the earlier work (see Griitzner, 1904, 
for references) is not decisive because no precautions were taken to 
eliminate nerve involvement. If the nerves are intact, direct stimula- 
tion of a muscle may yield responses which are in reality indirect, be- 
cause nerve impulses were set up. Even in observations in which the 
nerves have not been eliminated a relative electrical inexcitability of 
the muscle has been apparent. Thus, Bozler (1927) obtained readily 
contractions of smooth muscle in Beroé Forskali in response to single 
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induction shocks, but reported that the strongest shocks only rarely 
stimulated the corresponding muscle of Beroé ovata. 

Pierce (1933) reported rhythmic responses of the chick’s amnion to 
direct tetanic stimulation. This might appear as conclusive proof 
that some smooth muscles may be electrically excitable, since the am- 
nion is devoid of nerves. It is possible, however, that a local contrac- 
ture elicited by the current may have acted as a mechanical stimulus, 
to which, according to Pierce, the muscle is extremely sensitive and 
which evokes identical rhythmic responses. Pierce’s results might 
then be analogous with those reported by Cannon (1911b) in the colon. 
Cannon found that when barium chloride was applied to the intestine 
the local ring of contraction at the site of application became the source 
of rhythmic peristaltic waves. 

Rosenblueth and Cannon (1934) stimulated the denervated n.m. 
and p.m. and failed to obtain responses to single shocks of various in- 
tensities and durations. Strong tetanic stimuli led to atypical contrac- 
tions of the n.m., which showed none of the characteristic temporal and 
spatial variations obtained from the innervated muscle. The maximal 
contractions thus elicited were always much smaller than those which 
adrenaline caused. The conclusion was reached that these muscles 
were electrically inexcitable. These observations and this conclusion 
were confirmed by Monnier and Bacq (1935). 

Pharmacological denervation of the p.m. may be produced by ergo- 
toxine. Direct electrical stimulation of the muscles after injections 
of the drug, with various intensities, durations and frequencies of the 
stimuli, fails to induce any visible erection of the hairs (unpublished 
observations). 

The uterus of non-pregnant cats responds by relaxation both to 
hypogastric-nerve stimulation and to adrenaline. Direct electrical 
‘stimulation of the innervated muscle results only in relaxation, regard- 
less of the characteristics of the stimuli (Rosenblueth and Cannon, 
1934). This inhibition is explicable as the result of nerve stimulation. 
If the muscle were electrically excitable, however, and if inhibition con- 
sisted merely in the disappearance of spontaneous rhythmic activity, 
as Eccles (1936) suggests, contractions would be expected. 

From the evidence reviewed, although it is mainly negative, the con- 
clusion seems warranted that some smooth muscles are electrically in- 
excitable to the extent that the current will damage them irreversibly 
without inducing typical responses. 

H. The electrical phenomena of smooth muscle. No general descrip- 
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tion may be given of the electrical phenomena which occur in smooth 
muscle, for they vary markedly in different muscles and in different 
experimental conditions. Only those features of these phenomena 
will be summarized that seem to be important for a later attempt to 
analyze the mode of action of sympathin. 

Single nerve volleys delivered to the n.m. or p.m. give rise to com- 
plex electrograms. At least three components may be distinguished, 
which, following Lambert and Rosenblueth’s (1935) suggestion, will 
be designated J, JJ and JII, respectively. The component J precedes 
contraction (Rosenblueth, Leese and Lambert, 1933; Lambert and 
Rosenblueth, 1935; Eccles and Magladery, 1936a). The component 
II immediately succeeds J; contraction usually begins during JJ. The 
component JIJ is a prolonged smooth wave roughly coincident with 
contraction (Bacq and Monnier, 1935; Lambert and Rosenblueth, 
1935). Occasionally, according to Lambert and Rosenblueth (1935), 
or usually, according to Eccles and Magladery (1936a), rhythmical, 
repeated short disturbances, grossly similar to JJ, are superimposed 
on ITT. 

The component J bears a rough similarity to the spike potential of 
skeletal muscle. It has been suggested that both phenomena reveal 
qualitatively identical all-or-none conducted disturbances (Rosenblueth, 
Leese and Lambert, 1933; Rosenblueth, 1935; Eccles and Magladery, 
1936a; Eccles, 1936). 

Eccles (1936) interprets IJ as also denoting all-or-none conducted 
disturbances; that concept would make J, IJ and the late waves occur- 
ring during JJJ all identical in nature. 

Repetitive stimulation of both the n.m. and the p.m. leads to changes 
in the electrograms which can be summarized as follows (Rosenblueth, 
Davis and Rempel, 1936). The component J declines for the successive 
shocks, the more rapidly the higher the frequency of stimulation; JJ 
appears as a summated wave early in the series, and later, as a rule, 
is entirely absent; JJZ probably sums throughout stimulation (Bacq 
and Monnier, 1935). 

The polarity of J depends on the orientation of the smooth-muscle 
cells with respect to the recording electrodes. Whether one or both 
leads are in contact with active tissue is of no influence on this polarity 
(Rosenblueth, Davis and Rempel, 1936). 

The electric responses of the pregnant cat’s uterus seem to be differ- 
ent from those of the n.m. or p.m. Single nerve volleys have not 
yielded thus far any response (Rosenblueth, Leese and Lambert, 1933; 
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Monnier and Bacq, 1935). Repetitive stimulation leads to the late 
appearance of rhythmical brief electric waves which last throughout 
contraction (Rosenblueth, Leese and Lambert, 1933). Contraction is 
also attended by a JJZ component (Bacq and Monnier, 1935). 

The electrograms of spontaneous rhythmic activity of smooth muscle 
have been extensively studied; they appear to differ in different systems. 
A one-to-one correspondence of electrical and mechanical cycles has 
been reported for the intestine (Alvarez and Mahoney, 1922; Berkson, 
Baldes and Alvarez, 1932), the stomach (Tschermak, 1919; Funke, 
1922; Richter, 1924) and in the ureter (Orbeli and Briicke, 1910). A 
many-to-one correspondence was found, on the other hand, in the 
retractor penis (Briicke, 1910) and in the uterus (Rosenblueth, Leese 
and Lambert, 1933). 

Adrenaline has a two-fold action on the n.m. Rosenblueth, Leese 
and Lambert (1933) and later Monnier and Bacq (1935) reported that 
no quick electrical disturbances were elicited by the hormone and that 
only III potentials coincident with contraction were present. Pos- 
sibly the amplification used was not high enough to detect the small, 
rapid, repeated deviations which Eccles and Magladery (1936b) have 
recently described. Stimulation of the cervical sympathetic during 
the action of adrenaline reveals greatly decreased or absent J and JI 
potentials (Rosenblueth and Cannon, 1936; Eccles and Magladery, 
1936b). <A similar decline of J and JJ occurs in the p.m. after injec- 
tions of adrenaline, although no mechanical response to the hormone 
may be detected (Rosenblueth and Cannon, 1936). 

Further data in relation to the separability of electrical and mechani- 
cal phenomena in smooth muscle are the following. In the intestine 
adrenaline can completely abolish the mechanical responses while not 
affecting the electrical cycles (Berkson, 1933a); atropine has a similar 
effect (Berkson, 1933b). Nicotine and curare, on the other hand, 
abolish the spontaneous electrograms of intestinal segments, while 
the rhythmic contractions persist unimpaired (Berkson, 1933a, b). 
After ergotoxine, although contraction of the p.m. is paralyzed, typical 
electrograms may be obtained; in the n.m. ergotoxine abolishes both 
electric and mechanical responses to nerve impulses (Rosenblueth, 
Leese and Lambert, 1933). 

I. Are there all-or-none conducted disturbances in autonomic effectors? 
On the basis of the evidence presented in sections G and H this ques- 
tion can now be discussed. Its answer will be fundamental for the 
solution of another important question: does sympathin act directly 
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on the effectors or does it set up conducted all-or-none waves which 
in turn somehow elicit the ultimate responses? 

Although very little pertinent evidence is available with regard to 
glands, the observations on the electric responses of the submaxillary 
do not lend support to the occurrence of all-or-none conduction. Single 
shocks applied to the chorda tympani lead to the appearance of com- 
plex electric responses (Bradford, 1888; Beck and Zbyszewski, 1912). 
Two components can be distinguished in these responses, an initial 
quick excursion and a subsequent slow wave (Rosenblueth, Forbes and 
Lambert, 1933). On repetitive stimulation both these components 
appear capable of summation, a behavior which classes them as prob- 
ably denoting graded phenomena. 

For smooth muscle there is no direct proof that the all-or-none prin- 
ciple is valid, such as has been obtained for nerve and for cardiac and 
skeletal muscle. Any conclusions must therefore be based on infer- 
ences. Conducted phenomena are abundant in smooth-muscle physi- 
ology—e.g., peristaltic waves—but their all-or-none nature has not 
been proved and is highly improbable. Cannon (191la) found that 
gastric peristalsis will bridge over circular cuts (up to 6) of the stomach 
involving all the muscle layers. Similarly, intestinal peristalsis can 
proceed after the bowel is cut in two and the ends are tied over a short 
piece of glass tubing (Alvarez, 1929). Obviously this conduction dif- 
fers fundamentally from that in nerve or cardiac and skeletal muscle. 

Since a syncytial structure has been frequently claimed for smooth 
muscle (see McGill, 1909; Hiaggqvist, 1931), the possibility of all-or- 
none intercellular conduction is suggested.!_ Such intercellular conduc- 
tion does not occur extensively, if at all, in then.m. Rosenblueth and 
Rioch (1933b) stimulated the cervical sympathetic at various fre- 
quencies and recorded the mechanical responses of the n.m. before and 
after section of some (up to #) of the postganglionic fibers. Unlike 
skeletal muscle the ratio of the contractions before the section to those 
recorded afterwards was not constant, but decreased as the frequency 
of stimulation increased, tending to approach the value of 1. From 
these observations it was concluded that a relatively small fraction of 
the nerve fibers to the n.m. could influence practically the whole muscle 
when the frequency of stimulation was high, and that this influence 
was not due to all-or-none conducted waves from the stimulated to the 


1 By intercellular conduction is meant conduction from one smooth-muscle 
cell to another, not from nerve to muscle as Eccles (1936) misinterpreted the 
expression. 
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denervated cells, since slow frequencies yielded only small fractions of 
the original responses. These results are reasonably accounted for by 
a diffusion of the chemical mediator throughout the muscle. 

A further inference drawn by Rosenblueth and Rioch (1933b) from 
the observations just mentioned was that smooth muscle, unlike skeletal 
muscle, is not organized as “motor units’’ in the sense of a constant and 
limited sphere of influence of each nerve fiber. 

The direct testimony of observers of smooth muscle during contrac- 
tion does not support the view that conduction is invariably present in 
the single cells or from one cell to another. Thus, although McGill 
(1909) reported conducted nodes of contraction in single cells of the 
intestine, she did not find clear conduction in arterial muscle cells, 
where previous observers had reported total simultaneous contraction 
of the elements (see Higgqvist, 1931, for references). The observa- 
tions of Lewis and Lewis (1917) on tissue cultures of chick’s amnion 
are specially illuminating in this connection. They report that some- 
times a group of cells undergoes rhythmic contractions, sometimes 
single cells and also only parts of a cell may show such activity. When 
a group of cells contracts rhythmically each single cell may have an 
individual rhythm. Mechanical stimulation can sometimes yield 
rhythmic responses in only a part of a cell. 

Eccles’ (1936) views on the problem at hand are the following. The 
nerve action-potential acts directly as an electrical stimulus and sets 
up an “A” (J) electric wave which is an all-or-none conducted disturb- 
ance over one or more cells. The nerve impulse further liberates 
“‘Ad-substance”’ (sympathin) which in turn sets up a series of all-or-none 
conducted disturbances as revealed by the component ‘‘B” (JJ) of the 
electrograms and the late rhythmic waves. Adrenaline, like sym- 
pathin, sets up a series of JJ waves whose frequency is proportional to 
the concentration. According to this theory, then, the components J 
and IJ of the electrograms reveal the same type of process, differing 
only in the stimulus which starts it, electrical for J, chemical for JJ. 

Although Eccles bases his theory exclusively on phenomena observed 
in the n.m., he tacitly implies that it is applicable to all smooth muscles. 
It will now be shown that the foundations of the theory are insecure, 
that the theory cannot apply to all smooth-muscle systems, and that 
alternative explanations are possible and preferable. The lack of ex- 
perimental evidence for the assumption of an electrical stimulation of 
smooth muscles and the improbability of such a mode of activation 
were pointed out above (p. 525). 
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Eccles bases his conclusion that J denotes an all-or-none conducted 
disturbance on the elaim that the cells of the n.m. which are the source 
of J are refractory for 55 msec. after firing. This refractoriness would 
be proved by the inability of a second nerve volley to set up a second 
I response within that period. But the absence of J does not prove 
refractoriness unless all other responses of the muscle to the second 
shock are absent. Brown (1934) showed that two nerve volleys sepa- 
rated by less than 55 msec. (down to 2 msec.) sum their mechanical 
effects. These results could be due, according to Eccles’ theory, to 
increased concentration of sympathin, giving rise to more frequent IJ 
responses in some cells. It is possible, however, to test the efficacy 
of two nerve volleys under conditions in which, according to Eccles, 
sympathin has minimal or no action. The drug 933F, previously 
mentioned (p. 521), greatly decreases the action of adrenaline on the 
n.m.; Monnier and Bacq (1935) and Eccles himself (1936) claim that 
it depresses or abolishes the action of sympathin. Rosenblueth and 
Acheson (unpublished experiments) have studied the summation of 
isotonic and isometric mechanical responses to two nerve volleys before 
and after doses of 933F sufficient to reduce the contraction of the n.m., 
evoked by a given dose of adrenaline, to less than ;5 of the original 
magnitude. After 933F the ability of two volleys to produce summated 
contractions is similar to that before injection of the drug. Summation, 
isotonic and isometric, begins when the two volleys are separated by 
approximately 2 msec. The peak occurs at about 40 msec. (cf. Brown, 
1934) and there is no evidence of any sudden change in the process at 
an interval of about 55 msec. It may be concluded, therefore, that 
the evidence for refractoriness of the cells in the n.m. lasting approxi- 
mately 55 msec. is highly dubious. 

It is difficult to conceive how either J or IJ can reveal conducted 
disturbances. The observations of Rosenblueth, Davis and Rempel 
(1936) on the p.m. (p. 526) clearly show that, because of the small 
size of the responding cells, the electrical phenomena recorded are the 
field resulting from asymmetric changes in many cells between the elec- 
trodes. From analogy with skeletal muscle and from the histological 
data on the innervation of smooth muscle, a conducted wave would 
start near the middle of some cells and then travel in both directions. 
A large degree of cancellation of the responses would be expected. A 
recordable asymmetry might result from differences in the intensity 
and time-course of the process in different elements, but it should be 
variable and slight, whereas the potential J has a consistent polarity 
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for a given position of the lead-off electrodes and can easily attain rela- 
tively large intensities. The ability of JJ to sum when two volleys 
are delivered at a suitable time interval can not be easily accounted for 
by the concept of all-or-none disturbances, since an increase of the 
number of responsive cells would probably not increase significantly 
the asymmetry. The potential JJ is interpreted by Eccles as occurring 
in other cells than those which originate J. It would be due to the 
action of sympathin, not of the nerve action-potential. Although Ec- 
cles is not explicit on the point, it appears necessary to attribute the 
long delay of IJ to diffusion of the chemical mediator. It is again 
difficult to explain on this basis the synchronized, asymmetric effects 
recorded. 

The latency of the J potential in the n.m. is about 30 msec., while 
that of the mechanical response is about 150 msec. (Brown, 1934). If 
I is considered to be directly responsible for the contraction the dis- 
crepancy of 0.12 sec. between the two latencies is not accounted for. 

The time-course of the different electrical waves which Eccles inter- 
prets as conducted disturbances varies considerably. Some of them 
last only about 20 msec. (Eccles, 1936, p. 422, fig. 16), while others 
can last as long as 1 sec. (p. 427, fig. 20). If the latter were selected 
for calculating the conduction time in smooth muscle an extremely 
slow rate of conduction would result, while calculations from the dura- 
tion of the J potential would lead to much faster rates. 

For the preceding reasons it appears improbable, therefore, that J 
and IJ denote all-or-none propagated disturbances, similar to those of 
skeletal muscle. 

The depression or disappearance of J potentials when single nerve 
volleys are delivered to the n.m. during the action of adrenaline is at- 
tributed by Eccles to the refractoriness of some or all the cells because 
of the assumed all-or-none disturbances set up by the hormone. Here 
again the comment is pertinent that a muscle is not refractory if an 
electrical phenomenon disappears while the contractile responses re- 
main unimpaired. Before the evidence against refractoriness is consid- 
ered, some of the implications of Eccles’ views should be made clear. 

The total contraction which results from a nerve volley, according 
to Eccles, is divisible into two parts: one produced by the electrical 
stimulus which initiates the J potential; the other produced by the 
sympathin which is liberated. The ratio of the first part to the total 
contraction should be large, because the contraction obtained after 
933F, which is supposed to result almost exclusively from the electrical 
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stimulus, may be only slightly smaller than that obtained without the 
drug (see p. 521). 

After an injection of adrenaline—if the muscle were refractory, as 
the theory demands—stimulation of the cervical sympathetic should, 
therefore, yield considerably reduced increments of tension. Eccles 
and Magladery (1936b) claim that such a reduction actually occurs. 
This claim is faulty. It is true that a given stimulus applied to the 
nerve evokes less contraction when superimposed on an adrenaline 
contraction than when applied to the resting n.m., but it is not legiti- 
mate to compare these values directly, since the base line from which 
the nerve response starts is higher with adrenaline than without. The 
only legitimate basis for comparison appears to be the following (Rosen- 
blueth and Acheson, unpublished observations). The isotonic or 
isometric response (R,) to a given frequency of maximal nerve stimula- 
tion (F) is matched by a dose of adrenaline (A). The responses (Re) 
to 2F and to 2A are then also equal. If F and A are applied simultane- 
ously a response Re, equal to that of either 2F or 2A occurs. The tests 
can also be made with A and F which do not yield equal responses. In 
all cases the isotonic or isometric contractions to nerve stimulation 
during the action of adrenaline meet this criterion of equality and fail 
to reveal the slightest refractoriness. 

A further objection to the view that the depression or disappearance 
of J during the action of adrenaline is due to refractoriness of the cells 
activated by the hormone is furnished by the observations made by 
Rosenblueth and Cannon (1936) on the p.m. Without cocaine even 
large doses of adrenaline fail to evoke any visible erection of the hairs. 
Yet J may almost entirely disappear during the action of the hormone. 

Eccles’ theory fails to account for the actions of adrenaline, atropine, 
nicotine and curare on the intestine (Berkson, 1933a and b, see p. 527), 
which reveal an independence of the action-potentials and the mechanical 
rhythmic cycles. It also fails to account for inhibition by adrenaline 
in any muscle (e.g., the non-pregnant feline uterus), since inhibition 
could not be the result of repetitive conducted disturbances. In the 
brief paragraphs which Eccles devotes to inhibition the explanation is 
adopted that it is due to an increased polarization of the muscle cells 
(cf. Bacq and Monnier, 1935). The excitatory effects of adrenaline, 
on the other hand, he attributes to a depolarization of muscle cells 
(cf. Bacq and Monnier, 1935; Rosenblueth and Cannon, 1936). He 
does not explain the difficulty which ensues when he postulates that 
the same substance depolarizes some muscles and polarizes others; the 
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necessity of the existence of some differentiating factor to account for 
the opposite actions he wholly ignores. 

For the reasons developed in this and the three preceding sections, 
it is improbable that the nerve action-potential acts as an electrical 
stimulus to smooth muscle and that all-or-none conducted disturbances 
are present in this muscle. An alternative view is that sympathin 
acts directly on the contractile system, without intervening conducted 
disturbances. Adrenaline could then also act directly, without setting 
up propagated waves, after it has combined with the differentiating 
receptive substance in the muscle to form sympathin E or I (p. 520). 

Even before the differences between sympathin and adrenaline 
which led to the formulation of the theory of the two sympathins 
(p. 519) had been recognized, Rosenblueth (1932a) suggested that the 
hyperbolic relationship? which exists between the responses of several 
autonomic effectors and the doses of adrenaline injected could be ex- 
plained by assuming a direct graded action of some compound of 
adrenaline. According to this view the electrical phenomena of smooth 
muscle need not be considered as crucial steps in the process of trans- 
mission of autonomic nerve impulses, but merely as secondary, inci- 
dental manifestations of this process or of the changes which determine 
contraction and relaxation (Rosenblueth, Davis and Rempel, 1936). 
Bacq and Monnier (1935) suggested that IJJ reveals a depolarization 
of the n.m. and a polarization of the cat’s non-pregnant uterus by adren- 
aline. If such changes in polarization occur (cf. Rosenblueth, Davis 
and Rempel, 1936) it would appear more reasonable to attribute them 
to sympathin, to account for the opposite effects in different muscles. 
Rosenblueth, Davis and Rempel (1936) adopted a similar hypothesis 
to explain J—a sudden depolarization by the sympathin liberated sud- 
denly when the nerve volley arrives. This depolarization was assumed 
not to be all-or-none in character, but graded, depending on the con- 
centration of the chemical mediator. Such a view can account for the 
depression or absence of J in the n.m. when adrenaline has been in- 
jected—a partial or a complete depolarization by adrenaline would 
decrease or abolish further depolarization by sympathin; it fails, how- 
ever, to account for the similar depression of J by adrenaline in the 


2 Eccles (1936) has questioned the reliability of the data on which the inference 
of this hyperbolic relationshipis based. A detailed answer to his criticisms would 
be out of place in this review. The interested reader is referred to the following 
publications: Hill (1910); Clark (1933); Gilson (1933); Rosenblueth and Rioch 
(1933b); Cannon and Rosenblueth (1937a). 
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‘ pilomotors, unless such a depolarization can occur without contrac- 
tions, which is unlikely. 

The concepts expressed in this review agree with those developed 
by Eccles (1936) in the following respects: 1, a chemical mediator is 
liberated by the nerve impulses; 2, it can elicit contraction; 3, the degree 
of contraction (per cell) developed is a graded function of the concen- 
tration of the mediator; 4, the cells of a smooth muscle do not respond 
simultaneously to a nerve volley; at least two groups can be established, 
which are the sources of the electric potentials J and JI, respec- 
tively. 

Disagreement of views centers mainly around two points. 1. Ac- 
cording to Eccles there is not only chemical transmission throughout 
the muscle but also direct electrical activation of a few of the muscle 
cells by the nerve action-potential—the latter assumption appears un- 
necessary and unlikely (p. 521). 2. The chemical mediator is assumed 
by Eccles to elicit all-or-none conducted disturbances—conduction of 
this type is improbable in smooth muscle (p. 527). The hypothesis 
that sympathin acts directly on the contractile system can explain the 
evidence available. 

J. General considerations. Since Elliott’s bold hypothesis in 1904 
that sympathetic nerve impulses act by liberating adrenaline, many 
significant steps have been taken in the knowledge of this action. 
Some aspects of this progress appear firmly established, others are 
reasonably probable and others are still open only to conjecture. 

It is quite certain that a chemical agent is liberated by sympathetic 
nerve impulses (section A). This agent bears close relationship to 
adrenaline (section B), but may differ significantly from the hormone in 
certain respects (section C). 

It is probable that the differences between sympathin and adrenaline 
and also the opposite actions of adrenaline or sympathetic nerve im- 
pulses on different autonomic effectors, excitatory or inhibitory, have 
a common basis: a differentiating factor in the effector (sections D 
and E). 

It is probable also that chemical mediation alone can account for 
all the phenomena which occur in the effectors—i.e., that there is no 
electrical transmission in these systems (section F). 

Whether sympathin acts directly on the effector systems or indirectly 
by setting up conducted disturbances is, at present, an open question 
(section I). The review and discussion of the reports on the electrical 
excitability (section G) and the electrical phenomena (section H) of 
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‘smooth muscle show the balance of the evidence to be in favor of the 
first alternative. No general explanation of these phenomena is avail- 
able. It is possible that different smooth muscles have different prop- 
erties in relation to electrical excitability, conduction and electric re- 
sponses. In any case it appears desirable to adopt tentatively the 
working hypotheses which the evidence suggests rather than to start 
with the prejudice of a rigid membrane-theory and a theory of an all- 
or-none conducted disturbance. Those concepts may not hold for 
smooth muscle. Any preconceived ideas are more likely to hamper 
progress in the field than to further it. 
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SYNAPTIC AND NEURO-MUSCULAR TRANSMISSION 


J. C. ECCLES 
The Physiological Laboratory, Oxford, England 


The brief space allotted to this review precludes a comprehensive 
treatment of the subject, nor is such a treatment desirable, for the field 
is adequately covered by the recent reviews of Bacq (1935) and Eccles 
(1936) to which the necessary references will be made. Instead there 
will be an attempt to establish parallels between the experimental data 
obtained for such diverse conditions as transmission at synapses in 
sympathetic ganglia and in the central nervous system, and at the 
neuro-muscular junctions of striated, smooth and cardiac muscle. It 
will thus be shown that there are two main types of transmission, and 
discussion on the nature of the transmission will thus be simplified. 

Histology shows that, both with synaptic and all forms of neuro- 
muscular transmission, there is a close contact between the nerve 
fibre and the effector cell with which this fibre establishes functional 
connection (cf. Eccles, 1936). With smooth and cardiac muscle the 
nerve fibre may actually penetrate the effector cell, but, even under 
such conditions, there is no evidence that there is continuity of the 
respective protoplasms (cf. Cajal, 1934). At the presumed site of 
many functional contacts there is a histological differentiation both of 
the nerve fibre and of the effector cell, e.g., the motor nerve ending and 
the motor end-plate of striated muscle. At synapses, too, such a differ- 
entiation appears in the loops which form the boutons terminauzx and 
the boutons de passage, but it is also possible that functional contact is 
established when the fine terminal nerve fibres enter into close relation- 
ship with the soma (body plus dendrites) of a nerve cell. Differentia- 
tion has also been described in the fine collateral branches by which 
nerve fibres enter into functional relationship with smooth and cardiac 
muscle. Thus it may be concluded that synapses and neuro-muscular 
junctions are essentially similar, there being close contact but not proto- 
plasmic continuity at the more or less differentiated regions where the func- 
tional relationship presumably occurs. 

Physiological investigations provide the following definite evidence 
of the absence of continuity at such junctional regions (cf. Eccles, 1936). 
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"1. The all-or-nothing impulses which are propagated along the nerve 
fibres, and which presumably travel right to the terminals of these 
fibres, are not themselves directly transmitted across the junctional 
region, thus to continue uninterruptedly their propagation in the effec- 
tor cell. Such a nerve impulse arriving at the junctional region may, 
after an interval, set up a propagated impulse in the effector cell, but 
during this brief interval (the synaptic or neuro-muscular delay) the 
impulse in the terminal nerve fibre will largely, if not entirely, have 
disappeared. 

2. Propagation across junctional regions is irreversible, being always 
from nerve fibre to effector cell, never in the reverse direction. 

3. Transmission across junctional regions is very susceptible to block 
by asphyxia and by the action of various substances, e.g., poisons and 
anesthetics. 

4. With sympathetic ganglia it has been shown that between pre- 
ganglionic nerve fibre and ganglion cell there is no continuity of an 
electrically conducting medium, such as is observed, for example, be- 
tween the soma of a ganglion cell and its axon (Eccles, 1935b), or 
between the different parts of single nerve or muscle fibres. 

Thus it is evident that, even when an impulse in a nerve fibre sets 
up an impulse in an effector cell, the transmission across the junctional 
region involves factors additional to those responsible for transmission 
of an impulse along a single nerve or muscle fibre. Clearly the actual 
transmission across the intercellular gap of the junctional region must 
depend upon one or more special factors—which will henceforth be 
called the synaptic or neuro-muscular transmitter—, but other fac- 
tors such as the production of this transmitter by the nerve im- 
pulse and the responses evoked in the effector cell by the transmitter 
are also involved. 

It is proposed now to consider the actions which nerve impulses 
exert across junctional regions, grouping together the apparently 
related actions. Two main categories are thus formed—that in which 
the transmitter produced by a single nerve impulse has a continued 
action on the effector cell, this action being so prolonged that it is meas- 
ured in seconds or even minutes, and that in which the action of the 
transmitter is so brief that it is measured in milliseconds or even in 
fractions of a mijlisecond. 

TRANSMITTERS OF LONG DURATION. The classical example of such a 
transmission is provided by the action of the vagus on the heart, the 
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following experimental evidence establishing that the transmitter is 
acetylcholine, ACh.' (ef. Bacq. 1935, p. 98 et seq.). 

1. Vagus nerve impulses liberate ACh. into fluid perfused through 
the heart, and this substance has an action on the heart identical with 
that produced by vagus impulses, both actions being paralysed by atro- 
pine (Loewi, 1921, 1922; Feldberg and Krayer, 1933). 

2. A single vagal volley produces an inhibition of the heart which 
persists for several seconds (Donders,. 1868; Gilson, 1932; Brown and 
Eccles, 1934), thus suggesting that the transmitter itself persists for 
this period. 

3. That this persistent transmitter is ACh., which normally is slowly 
removed by hydrolysis by cholinesterase, is shown by the greatly 
increased and prolonged inhibition which occurs when this cholines- 
terase is inactivated by eserine (Loewi and Navratil, 1926). Further 
confirmation is provided by the quantitative agreement which obtains 
between the action of small amounts of eserine in delaying the de- 
struction of ACh. by cholinesterase in vitro (Matthes, 1930), and its 
action in delaying the destruction of the transmitter which is liberated 
in the heart by vagal impulses (Brown and Eccles, 1934a). 

Evidence of a similar character establishes that impulses in the nervi 
accelerantes act on the heart by liberating an adrenaline-like substance, 
Ad-substance (cf. Bacq, 1935, p. 129 et seq.), which is probably adre- 
naline (Loewi, 1936). Sympathetic impulses to smooth muscle also 
liberate Ad-substance, which, in the case of the nictitating membrane, 
has been shown to be the transmitter responsible for the prolonged 
rhythmic production of impulses by the smooth muscle fibres and also 
for the contracture which probably arises in the muscle when the con- 
centration of the Ad-substance is high (Eccles and Magladery, 1937b). 
There is, however, an initial action of sympathetic impulses on some 
smooth muscles, e.g. the nictitating membrane and pilomotor muscles, 
which is due to a transmitter of short duration, and which will be 
considered in the next section (Bacq, 1935, p. 182; Eccles, 1936, p. 
432). With other smooth muscles, e.g., the bladder (Henderson and 
Roepke, 1934) and the stomach (Dale and Feldberg, 1934; Harrison 
and McSwiney, 1936), the transmitter of long duration is probably 
ACh., but in the bladder there is in addition evidence for a more direct 
type of transmission (Henderson and Roepke, 1934), which, on analogy 


1 The review of Brown (1937b) may be referred to for the criticism of Arm- 
strong’s (1935) suggestion that ACh. is the transmitter only at the synapses of 
the vagal ganglion cells. 
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with the similar observations on the nictitating membrane, is probably 
also of short duration. 

Finally with sympathetic ganglia and with striated muscle there is 
evidence of a prolonged action of a substance (presumably ACh.) 
liberated by the nerve impulses. Thus after a preganglionic tetanus 
there is occasionally some evidence of a prolonged after-discharge from 
a few ganglion cells (Eccles, 1936, p. 367), and in a perfused eserinized 
ganglion the ACh. liberated during a preganglionic tetanus may reach 
such a concentration that it exerts a depressant action on the ganglion 
cells (Brown and Feldberg, 1936). Again, with normal frog’s or toad’s 
striated muscle (sartorius), Feng (1936) and Feng and Shen (1937) 
show that rapidly repeated nerve impulses (about 250 a second) pro- 
duce at the region of the neuro-muscular junction a contracture of 
the muscle and an associated block in the transmission of impulses both 
from nerve fibre to muscle fibre and also along the muscle fibres them- 
selves. No such effect is produced by direct stimulation of the nerve- 
free pelvic end of the sartorius. When the muscle is eserinized, the 
contracture and the associated block in transmission of impulses occur 
with much lower frequencies of nerve stimulation, e.g., they are well 
developed with frequencies of 100 a second, and in addition the con- 
tracture is much larger and persists for a longer time. This observa- 
tion together with the essential similarity of the contracture to that 
produced by ACh. in frog’s muscle (ef. Riesser, 1921; Brown, 1936) 
and the known liberation of ACh. by motor nerve impulses at the motor 
end-plates (Dale, Feldberg and Vogt, 1936) led Feng and Shen to the 
convincing conclusion that the contracture and the associated block- 
ing of impulses are due to the accumulation of the ACh. liberated at the 
region of the motor end-plates by the successive nerve impulses. The 
time taken for the development of the neuro-muscular block and the 
associated contracture indicates that, even when the cholinesterase is 
normally active, the causally related transmitter (presumably ACh.) 
which is produced by one impulse must persist for several hundred 
milliseconds at least. This time is considerably extended after eserini- 
zation of the muscle (presumably on account of the cholinesterase 
inactivation), but even normally the transmitter appears to be of the 
long duration type, and the blocking of the transmission of impulses 
along the muscle fibres suggests that it diffuses some distance around a 
muscle fibre from the site of its liberation at the region of the motor 
end-plate. Bacq and Brown (1937) have also suggested that the ACh. 
liberated during rapid tetanic stimulation of the motor nerve is re- 
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sponsible for the similar depressant action such stimulation has on 
neuro-muscular transmission with mammalian striated muscle. How- 
ever this depression is observed only when the muscle is eserinized, and 
no accompanying contracture has been described. This absence of a 
contracture may be correlated with the inability of small quantities of 
ACh. to set up a contracture of normal mammalian muscle (Brown, 
1936, 1937a). 

Thus, in all the above examples where it is established that nerve impulses 
have an action on effector cells by means of a transmitter of long duration, 
it may be concluded that this transmission is brought about by a specific 
chemical substance which nerve impulses cause to be secreted from the 
nerve endings,* the action of this transmitter persisting until it is removed 
from the site of its action. With ACh. and Ad-substance this removal 
is accomplished respectively by cholinesterase hydrolysis and by oxi- 
dation. There also is a considerable interval between the arrival of an 
impulse at the nerve terminal (and hence presumably between the se- 
cretion of the transmitter), and the first detectable action on the effec- 
tor, e.g., with the vagus this interval is about 100 msec., and with 
the nervi accelerantes considerably longer (Brown and Eccles, 1934a). 
Moreover, after this latent period, the transmitter takes some time to 
produce its full action on the effector, e.g., the full action of a single 
vagal volley on the heart is not attained until at least 200 msec. after 
the end of the latent period. This delay is probably largely due to 
the diffusion time of the secreted ACh., for the summed effects produced 
by successive volleys (Brown and Eccles, 1934b) suggests that the 
secretion itself does not long outlast the impulse at the nerve 
terminal. 

TRANSMITTERS OF SHORT DURATION. When a nerve impulse enters 
into functional synaptic relationship with a neurone, it evokes in that 
neurone a brief excitatory state, the detonator response, which, if 
attaining a certain critical intensity, immediately sets up the discharge 
of an impulse (Eccles, 1936, pp. 355-61, 374; Lorente de N6, 1935a; 
Eccles and Pritchard, 1937). Thus the sequence is—impulse arriving 
at synapse—synaptic transmitter—detonator response—discharge of 
impulse by effector neurone. With the fastest group of cells in the 
superior cervical ganglion, the total duration of the detonator response 
is no more than 6 msec., and with motorneurones of the extrinsic eye 
muscles and of the lumbar enlargement, it cannot be much more than 


2 The review of Brown (1937) may be referred to for an account of the factors 
involved in this secretion. 
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1 msec. This rapid decay of the detonator response argues for at least 
as rapid a disappearance of the synaptic transmitter which is causally 
related to this response, i.e., the synaptic transmitter has a duration of 
a totally different order of magnitude from those transmitters consid- 
ered in the previous section. Presumably similar conditions obtain 
for synapses in other parts of the nervous system. 

With striated muscle there is no direct evidence that a nerve impulse 
sets up a detonator response of the motor end-plate analogous to that 
set up at synapses, but the constancy and brief duration of the neuro- 
muscular delay (Walter, 1932; cf. Eccles, 1936, p. 400) provide indirect 
evidence for the existence of a brief excitatory state of thistype. More- 
over a motor nerve impulse normally never sets up the discharge of 
more than one impulse from a motor end-plate, so the neuro-muscular 
transmitter must be removed in the very short refractory period of 
the muscle fibre, e.g., in 1 to 2 msec. with mammalian muscle. 

With some smooth muscles also, in addition to the slowly acting 
chemical transmitter, there is a transmitter of relatively brief duration 
and direct action. Thus, with the nictitating membrane, the slowly 
acting chemical transmitter (Ad-substance) exerts its action for 10 or 
more seconds after a single nerve volley, and is inactivated by adreno- 
lytic agents, e.g., by 933F, while the more quickly acting transmitter 
which sets up the initial complex potential is not so inactivated (Bacq 
and Fredericq, 1935; Monnier and Bacq, 1935; Eccles, 1936, p. 434; 
Eccles and Magladery, 1936, 1937c). However, as might be expected 
with such a slowly reacting tissue, even the processes responsible for 
the initial complex potential are sluggish when compared with striated 
muscle, and so the upper limit which they set for the duration of the 
causally related transmitter is 100 msec. or even longer. ‘Thus, for 
example, in setting up the smooth muscle impulses of the A wave of the 
initial complex potential, the shortest neuro-muscular delay is about 
10 msec., and with weakly excited units it may even be longer than 50 
msec. The actual duration of the transmitter thus remains indeter- 
minate at some value less than an upper limit of about 100 msec., but 
actually it may not differ greatly from that of the transmitter for synap- 
ses and striated muscle, where the upper limits are no more than a few 
milliseconds. 

Two hypotheses have been suggested for these transmitters of short 
duration, and they will now be considered in turn. 

The chemical transmitter hypothesis. It has been suggested by Dale 
(1934, 1935, 1936) that all these transmitters of short duration also 
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are chemical substances which the nerve impulses cause to be secreted 
from the nerve endings in functional relationship with the effector 
cells. With synaptic transmission in sympathetic ganglia and neuro- 
muscular transmission to striated muscle this hypothesis is based on 
such convincing experimental evidence that it has already been gen- 
erally accepted. Moreover the undoubted similarity which exists 
between the synaptic transmissions in ganglia and in the central 
nervous system has led to an extension of this hypothesis of chemical 
mediation to the synapses of the central nervous system (Dale, 1935; 
Loewi, 1935), an extrapolation which is as yet without adequate sup- 
porting evidence (cf. Eccles, 1936, p. 397). However a recent critical 
discussion of the evidence for ganglia and striated muscles (Eccles, 1936, 
p. 362-70, 402-12) has revealed that it is difficult to reconcile the chem- 
ical transmitter hypothesis with some experimental observations. This 
discussion is summarized below, full treatment only being accorded 
to those observations not considered in the previous discussion. 

With the superior cervical ganglion it has been shown that: 

1. Preganglionic impulses liberate acetylcholine (ACh.) in the gan- 
glion. Probably it is secreted only by the synaptic regions of the pre- 
ganglionic fibres (cf. Eccles, 1936, p. 362; Gaddum, Khayyal and Rydin, 
1936). 

2. ACh. stimulates ganglion cells to discharge impulses. 

3. The action both of preganglionic impulses and of ACh. in setting 
up the discharge of impulses from ganglion cells is similarly potentiated 
or depressed by pharmacological agents. 

However the following two serious difficulties confront the ACh. 
hypothesis for sympathetic ganglia. 

1. In contradistinction to the vagal action on the heart, where the 
transmitter (ACh.) persists for seconds, we have seen that the trans- 
mitter at the ganglionic synapses must disappear within a very few 
milliseconds. Now hydrolysis by cholinesterase provides the only 
means by which such a rapid destruction of th. liberated ACh. conceiv- 
ably could be brought about (cf. Eccles, 1936, p. 369), and the quanti- 
tative work of Easson and Stedman (1936) on the activity of cholines- 
terase makes it doubtful if there is sufficient cholinesterase in the 
ganglion to accomplish this hydrolysis, even under optimal conditions, 
as rapidly as the known rapid rate of disappearance of the transmitter. 
Further Briicke (1937) has recently shown that most of the cholines- 
terase of the ganglion disappears when the preganglionic fibres are de- 
generated, so it appears to be concentrated in the preganglionic fibres— 
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ptobably largely in their synaptic regions. If it is so located, then it 
could not be effective in hydrolysing secreted ACh., unless it, too, were 
secreted, but there is no evidence of such secretion. It is possible that 
the cholinesterase in the preganglionic fibres is associated with the syn- 
thesis of acetylcholine and not with its destruction. 

2. When sufficient eserine is injected to inactivate the cholinesterase 
of the ganglion, a single preganglionic volley still sets up the usual brief 
detonator response, hence there is no detectable slowing in the rate of 
disappearance of the transmitter. The view that the transmitter is 
ACh. can only be sustained if the cholinesterase at the synapses of 
the ganglion is in some way protected from eserine inactivation while 
being still accessible to the secreted ACh. That some cholinesterase, at 
least, is not thus protected is established by the observations of Feld- 
berg and Gaddum (1934), Feldberg and Vartiainen (1934) and Brown 
and Feldberg (1936), who show that, only after a ganglion is eserinized, 
does tetanic preganglionic stimulation cause ACh. to appear in the 
perfusate and to accumulate in the ganglion in such quantities that it 
depresses the excitability of the ganglion cells and produces a vasodila- 
tation. Moreover eserinization increases the sensitivity of the ganglion 
cells to injected ACh. by as much as 8 to 20 times. Conceivably the 
hypothetical cholinesterase which is protected from eserine inactivation 
could be that which appears to be stored in the preganglionic fibres, 
and which, as has been suggested, may be secreted along with the Ach. 
But such a hypothesis would encounter the grave difficulty of providing 
inthe preganglionic terminals a continual supply of cholinesterase so 
that successive impulses each could liberate enough cholinesterase to 
destroy in a few milliseconds all the ACh. simultaneously liberated. 
Certainly under such conditions one would expect cholinesterase to 
accumulate in considerable quantities in the intercellular spaces of the 
ganglion and even to appear in the ganglionic perfusate. No evidence 
for this has yet been obtained. A further objection to this hypothesis 
arises from the fact that eserine takes several minutes to inactivate 
cholinesterase Matthes (1930); therefore the hypothetically protected 
cholinesterase would, after secretion, be able to exert a considerable 
hydrolysing action on any free ACh. in an eserinized ganglion; hence 
it becomes difficult to explain the observed appearance of ACh. in the 
perfusate of such a ganglion. 

It may, therefore, be concluded that the inability of the present form of 
the ACh. hypothesis to explain satisfactorily the known rapid removal 
of the synaptic transmitter from the site of its action must be regarded as 








| 
| 
| 
| 


ac No 


eS ora 





546 J. C. ECCLES 


very strong evidence against it. If the ACh. hypothesis is extended to 
the synapses of the central nervous system (cf. Dale, 1935; Loewi, 1935; 
Schweitzer and Wright, 1937), the removal of the transmitter raises 
still greater difficulties, for this occurs much more rapidly, no trans- 
mitter being detectable even as soon as one millisecond after its pro- 
duction. 

With striated muscle it has also been shown that: 

1. Motor nerve impulses liberate in the muscle ACh., which probably 
is secreted by the nerve endings of the motor end-organ. The maxi- 
mum output of ACh. from a cat’s gastrocnemius by a single maximal 
nerve volley is only 0.00002y, the much larger figure of 0.02y being 
inadvertently given by Brown, Dale and Feldberg (1936) and quoted 
by Eccles (1936, p. 410). 

2. ACh. injected intra-arterially evokes in the muscle fibres a rhyth- 
mic discharge of impulses, probably from the motor end-plates (Brown, 
Dale and Feldberg, 1936; Brown, 1937a). Two y is the minimum dose 
of ACh. which sets up a response of the cat’s gastrocnemius equal in 
tension to a maximal twitch. 

3. Substances blocking neuro-muscular transmission, e.g., curare, 
also greatly depress this response to injected ACh. (Brown, Dale and 
Feldberg, 1936; Bacq and Brown, 1937). 

Thus the evidence resembles that for the ACh. hypothesis in sympa- 
thetic ganglia, though, as the above figures show, there is a very large 
discrepancy between the output of ACh. by a maximal nerve volley 
and the quantity which by injection evokes a similar mechanical re- 
sponse. This provides a difficulty for the ACh. hypothesis for striated 
muscle, for it now appears unlikely that this discrepancy can be ade- 
quately accounted for by the obvious inefficiency with which the in- 
jection method applies ACh. to the motor end-plate, when compared 
with its direct liberation by the motor nerve endings—the suggestion 
originally offered by Brown, Dale and Feldberg (1936) when the out- 
put of ACh. was given as 1000 times larger. 

However, important evidence in support of the ACh. hypothesis has 
apparently been provided by the action of eserine and other inactivators 
of cholinesterase. When a mammalian striated muscle is poisoned by 
one of these drugs, a single motor nerve volley sets up a short repetitive 
discharge of impulses along the muscle fibres (Brown, Dale and Feld- 
berg, 1936; Bacq and Brown, 1937; Brown, 1937a), the potency of each 
of these drugs in producing this effect being in proportion to its activity 
in inactivating cholinesterase. Hence it is argued that this repetitive 
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response is due to the survival of ACh. which normally would be rapidly 
destroyed, i.e., a transmitter of short duration is converted to one of 
long duration, and the distinction drawn in this review between these 
two types of transmitters ceases to be fundamental. However eserine 
and the other inactivators of cholinesterase induce, in addition, spon- 
taneous twitchings of the muscle fibres (also due to short repetitive dis- 
charges of impulses), their effectiveness in this respect also paralleling 
their activity in inactivating cholinesterase (Bacq and Brown, 1937). 
This twitching shows that the muscle fibres are hyperexcitable,* and it 
has been suggested (Eccles, 1936, p. 407-8) that this hyperexcitability 
provides an alternative explanation of the repetitive discharge of im- 
pulses which a single motor nerve volley evokes in an eserinized striated 
muscle. On such an explanation the transmitter produced by a nerve 
impulse need persist no longer than is necessary to set up the first im- 
pulse discharged along a muscle fibre, the hyperexcitable muscle fibre 
itself spontaneously generating the later impulses of the repetitive 
series, just as it does in the random twitching which occurs in the ab- 
sence of motor nerve impulses. Presumably during the repetitive 
discharge there is a progressive depression of the excitability of the 
muscle fibre, the rhythmic series thus being brought to an end. 

A previous discussion of these two alternative explanations of the 
eserine action (Eccles, 1936, 406-12) revealed that no decision between 
them was possible on the then available experimental evidence, though 
both the absence of an eserine action on frog’s muscle‘ and the abolition 
of the eserine action by ether (which has itself little if any depressing 
effect on the response of the muscle to injected ACh.) offered serious 
difficulties to the explanation in terms of persisting ACh. Still more 
serious difficulties for this explanation have, however, been raised by 
the following recent observations of Brown (1937a): 

1. The frequency of the repetitive response which a motor nerve 


3 Bacq and Brown (1937) suggest that this eserine twitching is caused ‘“‘by the 
persistence of acetylcholine liberated by random impulses passing down the 
divided nerve.’’ It has already been shown (Eccles, 1936, p. 407) that such an 
explanation is most improbable, and it has since been demonstrated that eserine 
twitching is normally developed when there are no random impulses in the motor 
nerve (Eccles, 1937). 

‘Recently Feng (Chinese Journal of Physiology, in press) has been able to 
demonstrate an eserine action on frog’s muscle, but only when an interval of 
several minutes separated each single stimulus. If the eserine action were due 
to paralysis of cholinesterase, this necessary long interval between the stimuli 
becomes difficult to explain. 
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volley evokes in an eserinized muscle is always rapid, the intervals 
between the successive responses lying between 1.7 and 8 msec. This 
rhythm is so much faster than that evoked by injected ACh. (where 
the response intervals are rarely less than 5 msec. at the outset, are 
above 10 msec. throughout most of the response, and finally lengthen 
to as much as 70 msec.), that the repetitive response of the eserinized 
muscle does not seem to be due to persisting ACh. 

2. The repetitive response which a maximal motor nerve volley 
evokes in an eserinized muscle is practically unaffected by a second 
maximal volley, though presumably such a volley liberates its full con- 
tribution of ACh. This result is inexplicable on the ACh. hypothesis, 
but would be anticipated on the alternative hypothesis, according to 
which the repetitive response spontaneously arises in the hyperexcitable 
muscle fibres. 

Brown, himself, stresses two other experiments which appear to lend 
some support to the ACh. hypothesis. 

3. When a weakly eserinized muscle is acted on by a steady, small 
concentration of ACh., itself insufficient to give rise to a rhythmic 
discharge of impulses, a single motor nerve volley sets up a repetitive 
response in all respects similar to that produced by a fully eserinized 


muscle. However such a result is difficult to reconcile with the ACh. 


hypothesis, for, according to that hypothesis, the absence of a repetitive 
response to a single nerve volley indicates that the cholinesterase at the 
motor end-plates destroys in a very few milliseconds the ACh. liberated 
by a motor nerve volley. Now, in the absence of the background 
concentration of ACh., the weakly eserinized muscle in question does 
not respond repetitively to a single nerve volley, hence there must be 
in it a rapid destruction of the liberated ACh.; therefore summation of 
the liberated ACh. with the background concentration of ACh. would 
be unable to produce a repetitive response of the muscle fibres for as 
long as 200 msec. A probable alternative explanation on the same 
lines as that given above is that, in producing this repetitive response, 
the background concentration of ACh. resembles eserine, both increas- 
ing the hyperexcitability of the motor end-plates, which consequently 
respond repetitively after the single impulse set up by the motor nerve 
volley. The impulses which are repetitively discharged from a motor 
end-plate in response to a large concentration of ACh. suggest that such 
a hyperexcitability would be produced by a small concentration of 
ACh. 


4. With small doses of eserine a repetitive response of the muscle is 
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set up by two motor nerve volleys up to 15 msec. apart, while with a 
single volley there is no such response. Further analysis of this phe- 
nomenon is desirable before it can be regarded as evidence for sum- 
mation of a persisting neuro-muscular transmitter. For.example, it 
may be related to the only other known example of summation in neuro- 
muscular transmission to vertebrate striated muscle. With this Bremer 
(1927; 1932) has shown that two motor nerve volleys, even as far 
apart as 70 msec. may evoke a response of a partly curarized muscle 
(not eserinized), though either alone is blocked. There is thus a sum- 
mation at the motor end-plate of the excitatory effects of successive 
impulses, but this summation is most probably due to an enduring ex- 
citatory state of the motor end-plate itself, resembling the c.e.s. of 
nerve cells (cf. Eccles, 1936, p. 400), and not to a persisting neuro- 
muscular transmitter. 

Thus it would seem that the eserine action is most probably due to a 
hyperexcitability of the motor end-plates. If that is so, there is no evidence 
that the inactivation of cholinesterase prolongs the neuro-muscular trans- 
mutter for striated muscle, this transmitter thus exhibiting a behavior similar 
to that acting at ganglionic synapses. Moreover it is doubtful if, even 
under optimal conditions, the total amount of cholinesterase in muscle 
is sufficient to hydrolyse the ACh. liberated by a single volley in the 
short time that the transmitter must normally disappear; and actu- 
ally only part of this cholinesterase is localized in the region of the 
motor end-plates (Marnay and Nachmansohn, 1937). 

It may therefore be concluded that the rapid removal of the transmitter, 
both in the presence and in the absence of eserine, presents a grave diffi- 
culty to the ACh. hypothesis for striated muscle as well as for sympathetic 
ganglia. 

The action-current transmitter hypothesis. The only alternative hy- 
pothesis that has been suggested for transmitters of short duration 
is the classical view that the transmission is brought about by the 
action-currents of the impulses in the nerve endings. Such action- 
currents must have a considerable exciting action on the effector cells, 
for there is always a close contact between the nerve endings and the 
effector cells with which they establish a functional relationship, and 
we now know that electrical currents actually do set up impulses in 
the effector cells, whether these be striated muscle fibres, neurones 
(ef. Lorente de N6, 1935b; 1936) or smooth muscle fibres (Monnier and 
Bacq, 1935; Eccles and Magladery, 1937a). However it has not yet 
been shown that the action currents produced by impulses in the nerve 
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endings are adequate thus to excite the effector cells to discharge im- 
pulses, hence the action-current hypothesis resembles the chemical 
transmitter hypothesis in the absence of a quantitative proof. The 
nearest approach to such a quantitative proof has been provided by 
Lorente de N6 (1935b; 1936), who has shown that the action-currents 
produced by nerve impulses incident at synapses on oculomotor neu- 
rones constitute an adequate stimulus for setting up the discharge of 
impulses when those neurones are sensitized by direct application of 
a subliminal induction shock (cf. Eccles, 1936, p. 376-9). 

The action-current hypothesis encounters no difficulty in explaining 
the short duration of the transmitter and the absence of any lengthen- 
ing by eserine, for the maximum values for such durations are always 
longer than the presumed duration of the action-currents in the nerve 
terminals. However two main objections may be raised against it. 

1. The difficulty of accounting for the synaptic or neuro-muscular delay. 
If the actual process of transmission is due to an electrical current, it 
must be virtually instantaneous. The only possible delay must, there- 
fore, occur during the time taken for such an applied action-current to 
set up an impulse in the effector cell, and this explanation is supported 
by the approximate parallelism which exists between the durations 
on the one hand of the synaptic or neuro-muscular delays and on the 
other hand of other reactions of the respective effector cells (cf. Eccles, 
1936, p. 441). In considering such an explanation it must be borne in 
mind that this application of the action-current is not diffuse over the 
whole effector cell, but is almost entirely localized to specially differen- 
tiated regions of this cell, e.g., to the motor end-plate of a striated 
muscle, and that in nerve cells (and perhaps in other effector cells) 
the detonator response constitutes an intermediate reaction of the ef- 
fector cell. Stimulation of the effector cell by the usual diffuse appli- 
cation of an electrical current may not, therefore, set up analogous 
responses of that cell. However, even with such stimulation of periph- 
eral nerve, it has been demonstrated that a just-threshold induction 
shock (effective duration 0.01 msec.) sets up an impulse after a latent 
period as long as 0.4 msec. (Blair and Erlanger, 1936; Lorente de N6, 
1936). This response-time is probably explicable in terms of the local 
excitatory state of peripheral nerve (cf. Eccles, 1936, p. 379-82), and 
this bears a close resemblance to the detonator response (Eccles, 1936, 
p. 360). Thus the detonator response probably provides an explanation 
of part, at least, of the synaptic delay. 

2. What functional significance may be attributed to the secretion of ACh. 
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by the nerve endings in sympathetic ganglia and in striated muscle? ‘These 
junctional regions are, however, the sites of other actions besides the trans- 
mission of impulses. Thus the secreted ACh. may have a secondary exci- 
tatory action of importance in raising the excitability of the effector cells 
and in counteracting the onset of fatigue. The existence of such a sec- 
ondary action is well illustrated by the smooth muscle of the nictitating 
membrane. Here, as we have seen, there is an initial excitatory action 
by a transmitter of short duration, and this is followed by the pro- 
longed excitatory action of the transmitter of long duration (Ad- 
substance), which closely resembles adrenaline in its action. Thus, for 
example, the rhythmic production of impulses by the smooth muscle 
fibres is similar to that set up by adrenaline, and this effect of the 
transmitter is increased by cocaine and diminished or abolished by 
933F—exactly as occurs with the adrenaline response (Eccles and Mag- 
ladery, 1936; 1937c). On the other hand, the action of the transmitter 
of short duration is sharply distinguished from adrenaline in all these 
respects, e.g., after 933F it may even have an increased excitatory 
action. It has been suggested (Dale, Feldberg and Vogt, 1936) that 
this transmitter of short duration is Ad-substance liberated in such close 
relationship to the smooth muscle fibres that 933F cannot intervene, 
and this suggestion certainly is possible for the transmitter setting up 
the impulses of the B wave of the initial complex potential (cf. Eccles, 
1936, p. 432-4), though still another transmitter seems to be involved 
in setting up the impulses of the earlier A wave. The action-current 
hypothesis would identify this latter transmitter with the action- 
currents of the impulses in the nerve terminals. Be this as it may, 
the important point in the analogy with striated muscle lies in the 
close parallelism between the respective relations of the Ad-substance 
to the smooth muscle fibres and of the ACh. to the skeletal muscle 
fibres (Brown, 1936; Eccles and Magladery, 1937a). Thus the follow- 
ing parallels occur: a. In suitable concentration both these substances 
give rise to the rhythmic production of impulses in the corresponding 
muscle fibres. b. With frog’s striated muscle, large concentrations of 
ACh. produce a contracture with suppression of the response by rhyth- 
mic impulses, and with smooth muscle large concentrations of adre- 
naline have a similar action. c. After denervation mammalian mus- 
cles also develop a contracture response to ACh., while, with smooth 
muscle, denervation acts similarly, for there is a great increase in the 
contracture response to adrenaline, which now almost entirely super- 
sedes the response by rhythmic impulses. This close parallelism sup- 
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ports the view that the ACh. liberated from the nerve endings may 
have a secondary excitatory action on striated muscle, just as the Ad- 
substance has on the smooth muscle, and we have seen above that such 
an action (a contracture response) has actually been demonstrated by 
Feng and Shen (1937) in frog’s striated muscle even when the cholines- 
terase is not inactivated by eserine. It may here be noted that a rapid 
destruction of the liberated ACh. by the cholinesterase at the motor 
end-plate has not been established experimentally, such a concept 
being but an essential constituent part of the chemical hypothesis for 
transmitters of short duration. In fact the observations of Feng and 
Shen indicate that normally part at least of this liberated ACh. is not 
rapidly destroyed, but persists to give the contracture and associated 
depression of impulse transmission in the muscle fibre. Thus, on anal- 
ogy with smooth muscle, there may be two neuro-muscular transmitters 
for striated muscle—the first of short duration (probably due to the 
action currents of the nerve impulses), which, after a brief neuro- 
muscular delay, sets up the discharge of impulses from the motor 
end-plates along the muscle fibres—and the second (ACh.) of long dura- 
tion, which exerts a secondary exciting action on the muscle fibres, 
probably counteracting fatigue in low concentrations, but, when high 
concentrations are produced by rapid tetanization, it evokes a contrac- 
ture of the muscle fibres and blocks impulse transmission in them. 
As shown above, the ACh. liberated at ganglionic synapses may also 
have such a secondary exciting action, and in high concentrations it 
certainly seems to have a depressant action. 

The ACh. secreted at nerve endings may in addition normally cause 
vaso-dilatation in the ganglion and of the blood vessels which are closely 
associated with the motor end-plates of striated muscles (Eccles, 1935a). 
The sensitivity of the junctional regions to asphyxia indicates the need 
for some such mechanism of ensuring local vasodilatation during 
activity.’ 


5’ Brown and Feldberg (1936) actually find that in eserinized ganglia vaso-dila- 
tation is produced by the ACh. liberated in response to preganglionic stimulation. 
However, in the absence of eserine, preganglionic stimulation results in a vaso- 
constriction (presumably due to specific vaso-constrictor fibres), hence Brown 
and Feldberg conclude that, in the absence of eserine, i.e., normally, the secreted 
ACh. cannot produce effective vaso-dilatation. Such a conclusion is inadmis- 
sible, for the grossly unphysiological conditions produced by maximal stimula- 
tion of the whole preganglionic trunk clearly give a distorted picture. In the 
normal conditions of ganglionic activity impulses presumably are not fired along 
such special vaso-constrictor fibres when the ganglionic synapses are being bom- 
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Finally there are the less well understood trophic influences which the 
nerve fibres exert on the effector cells, and the special pharmacological 
properties associated with motor end-organs and synapses, e.g., the 
secretion of ACh. and the special sensitivity to it, may also be related 
to the specific chemiotactic influences controlling the outgrowth of 
nerve fibres into functional contact with the effector cells, both during 
development and during regeneration (cf. Eccles, 1936, p. 437-40). 

Thus, it may be concluded that, if the ACh. secreted by the nerve terminals 
does not function as a transmitter of short duration (as is suggested by the 


chemical transmitter hypothesis), there are many possible alternative func- 
tions that it may have. 


CONCLUSIONS 

The discussion in this review has on the whole supported the general 
subdivision of transmitters into those of short and those of long dura- 
tion. If the repetitive response which a single motor nerve volley 
sets up in an eserinized myscle is due to a conversion of a transmitter 
of short duration into one of long duration, then the distinction between 
these two types of transmitter ceases to be fundamental. However, 
it has been shown that the available experimental evidence supports 
an alternative explanation according to which the transmitter of short 
duration is not prolonged by eserine. In this connection it may be 
noted that eserine similarly fails to prolong the transmitter at gan- 
glionic synapses. With ganglionic synapses and with neuro-muscular 
transmission to striated muscle, there is also evidence of a transmitter 
of long duration, but the simultaneous presence of both types of trans- 
mitter is best exemplified by some smooth muscles, e.g., the cat’s 
nictitating membrane, though it has not yet been determined if the 
transmitter of short duration has there a time course short enough to 
be comparable with that of the transmitter at synapses or at the neuro- 
muscular junctions of striated muscle. 

There is now general agreement that transmitters of long duration 
are chemical substances secreted by the functionally differentiated 
nerve endings. Only two such substances, ACh. and Ad-substance, 
have so far been recognized. 

There are, however, very few points on which agreement has been 
reached in regard to transmitters of short duration. Two hypotheses— 
the chemical and the electrical—stand in sharp contrast, and, so far 





barded by the ordinary preganglionic impulses, any vaso-dilator action of the 
secreted ACh. thus not being antagonised by the vasoconstrictor impulses. 
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as the actual transmitter is concerned, no compromise seems possible, 
nor is there yet conclusive evidence for or against either of them. 
So far there has been more experimental investigation directly relating 
to the chemical hypothesis, and, though much of this work has given 
it support, it must be recognized that grave difficulties have also arisen, 
particularly in the explanation of the known rapid rate of disappearance 
of the transmitter. Until such difficulties have been adequately met, 
this hypothesis certainly does not merit general acceptance. So far 
as direct experimental investigation is concerned, the electrical hy- 
pothesis remains largely untested. No strong claims can be made for 
it until it has been much more thoroughly investigated, particularly 
in relation to the special electrical properties of the effector cells at 
junctional regions (cf. Eccles, 1936, p. 415). 
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CELLULAR CHANGES IN THE ANTERIOR HYPOPHYSIS 
WITH SPECIAL REFERENCE TO ITS 
SECRETORY ACTIVITIES! 


AURA E. SEVERINGHAUS 


Department of Anatomy, College of Physicians and Surgeons, Columbia University 


The purpose of this paper is to set forth the significant problems with 
which the structural analysis of the anterior lobe of the hypophysis is 
concerned, to evaluate the methods which have been employed in its 
study, and by an examination of the data to indicate what progress has 
been made. Before the turn of the century, Flesch (1884), Dosto- 
jewsky (1886), Schénemann (1892), Saint-Remy (1892), and Benda 
(1900) had described the acidophilic, basophilic and chromophobic cells 
and attempted to establish a genetic relationship among them. These 
specific cell types arise from an undifferentiated stomodeal epithelium 
and assume definite proportions of the adult gland. 

Comte (1898) showed that these proportions were changed in preg- 
nancy, and Fichera (1905) reported that changes occur following castra- 
tion. The many confirming investigations have been tabulated in 
another place (Chap. XVII, Sex and Internal Secretions, Allen (1932)). 
The establishment of anterior lobe changes with physiological dis- 
turbances in the organism initiated a series of researches which to this 
date has attempted primarily to relate the specific cells to specific secre- 
tions of the hypophysis. 

METHODS OF APPROACH TO THE PROBLEM. ‘Two general methods 
have been used to approach the problem. The first method attempts 
to correlate the changes in the proportional number of cells with 
a physiological state, the second to discover directly the secretory 
activity of the hypophysis by an analysis of the morphological changes 
within the cells themselves. Benda (1900-1901) used the first method 
when he established the presence of acidophilic adenomata in cases 
of acromegaly, and emphasized that the secretory activity of the 
greatly increased number of acidophilic cells was responsible for the 


1 All of the unpublished data incorporated in this article are from experi- 
ments supported by a grant, administered by P. E. Smith, from the Committee 
for Research in Problems of Sex, National Research Council. 
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disease. The elaboration of the growth hormone is still ascribed to 
the acidophiles. The second cytological approach attributes to the 
cells of the anterior lobe certain structural characteristics now rea- 
sonably well established for secretory cells in general. These are, 
first, that the specific granules are precursors of the secretory product; 
second, that the Golgi apparatus acts as an indicator of the cell’s 
metabolism, and hypertrophies as activity increases; and third, that the 
mitochondria are in some way also correlated with the process of 
secretion. | 

In view of the fact that mitoses are not common in the adult hypoph- 
ysis, both the above methods for studying the anterior lobe lead directly 
into the problem of relationship of the cells to each other. The first, by 
establishing changes in the proportional number of cells, must explain 
where cells of increased number come from, and logically deduces that 
they arise from the class of cells whose number is reduced. ‘The in- 
ferences of the cytological method are that granular cells, which lose 
their granules by secretory depletion, become non-granular chromo- 
phobes, and that when chromophobes restore their granular content 
they are again granular cells. Before we examine this most important 
and still debated problem of cell relationship, we may, with profit, di- 
gress briefly to point out the advantages and disadvantages, the dangers 
and limitations of the two methods of approach. 

We owe much to differential cell counting, which best employes 
rapidly penetrating fixatives (Bouin, formol, or Zenker and its modifica- 
tions) and gives satisfactory data even from tissue whose fixation is 
delayed for a considerable time after death. The use of a good differen- 
tial stain (Mallory trichrome, Masson or equivalent) is imperative to 
separate the cell types. Except in rare instances human material must 
be handled by this method. Cell counts, however, are useless unless 
they are statistically valid. Because of the irregular distribution of the 
cells, many regions of the gland must be sampled. Because of the wide 
individual variation in the normal proportion of cells, many glands must 
be included in the count. In experimental work a statistically accept- 
able number is so great that it frequently becomes prohibitive. Ras- 
mussen (1929, 1933) has established the normal proportions for the 
cells in the human male and female hypophysis, and has proposed and . 
employed a satisfactory statistical method. 

Even with the best methods, differential counting has definite limita- 
tions. It does riot record the activity of the cells. It cannot differen- 
tiate between a quiescent chromophobe, and the most active secretory 
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phase of the cell, namely, a granule depletion which continues in spite 
of the cell’s heroic efforts to replete its store. A cell which is histo- 
logically a resting chromophobe may be cytologically an intensely active 
secretory unit. Itis here that the cytological method becomes essential. 
It is as if by added insight one may look at a person and determine 
whether he is idly passing the time of day or busily engaged upon a 
problem of mental calculation. Finally, cytological methods are 
equally unsuitable for differential counting, and should not be so em- 
ployed. They preserve all the transient structural phases associated 
with secretory activity, and make it difficult for one to identify and 
classify many of the cells without long study. 

THE PROBLEM OF CELL RELATIONSHIP. Several proposed schemas of 
cell relationship are diagrammed in figure 1. They may be divided into 
two groups. The first assumes that there is but one cell type in the 
anterior lobe, and that chromophobes, acidophiles and basophiles are its 
various phases. The second assumes that acidophiles and basophiles 
are separate and distinct cells, independently related to the chromo- 
phobes. 

The validity of the first view rests squarely upon the transitional cell 
between acidophile and basophile, a cell with a mixture of these two 
specific cytoplasmic granules. If such a cell exists, the relationship 
between the cells must stand. But does such a bi-granulated cell exist? 
An examination of the methods employed by those observers who 
reported the bi-granulated transitional cells shows that they used 
techniques which preserved the mitochondria, but failed to differentiate 
them from the acidophilic granules. A technique was devised which 
demonstrated the mitochondria in the acidophilic cells, and further 
showed that the disputed red granules of the basophile were mitochon- 
dria, and not acidophilic granules (Severinghaus, 1932). These observa- 
tions confirmed and completely justify Bailey’s (1921) contention that 
mitochondria were mistaken in the basophilic cell for acidophilic 
granules. Without the transitional cell there is little justification for 
assuming any relationship between the acidophile and basophile. 

There is good evidence, aside from the common knowledge that 
secretory cells naturally go through cycles of accumulation and loss of 
specific cytoplasmic granules, to relate the acidophiles and basophiles 
independently to the chromophobes. The Golgi apparatus in the baso- 
phile of the rat has a definite structure and position entirely distinct 
from that in the acidophile. This is shown in the last schema of cell 
relationship (fig. 1). The discovery of these dissimilar Golgi apparatus 
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A + Acioopuite 
B = Basopune 
C = Curomopuose 


O°" D°- Decenerarinc Ceus 
E> CeLL SHOWING GRANULAR ELIMINATION 


T+ Teansitiowa. (Useecancze.t) 
C°,C?= ACIDOPHILIC AND BASOPHILIC CHROMOPHORES RESPECTIVELY 


Fig. 1. Diagrams to illustrate various ideas of relationships among the cells of 
the anterior pituitary. 
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types among the chromophobes justifies the separation of the otherwise 
undifferentiated chromophobes into acidophile-like and basophile-like 
(Severinghaus, 1932). It is furthermore reasonable to associate a 
chromophobe and a chromophile cell having morphologically identical 
Golgi apparatuses in a developmental or secretory cycle. Numerous 
examples of cells showing a partial accumulation or depletion of specific 
granules of a given type, are clearly transitional stages between chromo- 
phobes and chromophiles. More recently chromophobie cells of definite 
acidophilic or basophilic lineage have also been differentiated in the 
human hypophysis by nuclear staining differences (Severinghaus, 1935). 

There is other good evidence to indicate that the acidophiles and baso- 
philes are distinct cell types. .Chromophilic tumors appear only in pure 
form and remain so. The tumors associated with Cushing’s “fugitive 
acromegaly” may, however, have a mixture of acidophiles and chromo- 
phobes, or be purely chromophobic, depending probably upon what 
secretory phase the cells are in. A second excellent bit of evidence is 
seen in the findings by Smith and MacDowell (1930) of a strain of mice 
in which dwarfs arise whose anterior lobes are genetically without 
acidophiles. Although acidophiles are never present, chromophobes 
and basophiles occur. Obviously in this instance basophiles could not 
arise from acidophiles. The report of Nelson (1930, 1933) that in the 
fetal pig hypophysis the basophiles appear before acidophiles, further 
militates against the acidophilic origin of the basophiles. A final evi- 
dence is the relatively clear separation of acidophiles and basophiles 
into specific regions of the gland. In the human the acidophiles are 
massed centrally, the basophiles occupying a peripheral position. If 
these cells are secretory phases of each other, then, at some time, we 
should find the positions of acidophiles and basophiles reversed. They 
are never so reported. It is of great interest to note that Benda stated 
in 1932, 30 years after he had described the transition of acidophiles into 
basophiles, that he had cooled on the idea, and that “‘the question 
certainly justifies further research, and (judgment) must, for the 
present, remain suspended.”’ 

Collin (1922-1934) believes that the chromophobe is the progenitor 
of the acidophile. The acidophile, being the secretory stage, may dis- 
charge its granular cytoplasm and degenerate or become a chromophobe 
which by granule accumulation again returns to the acidophilic state. 
Certain acidophiles become transformed into basophiles. Both acido- 
philes and basophiles may, at times, give rise to new chromophobes by a 
most unusual “endocytogenetic” budding or rebirth. Severinghaus 
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(1934) and Rasmussen (1936) have followed these so-called internal 
chromophobes in serial sections, and found that they invariably become 
external. They are not internal but are cupped by the expanding chro- 
mophiles. Moreover, acidophiles may appear to be within basophiles, 
and basophiles within acidophiles. Collin’s idea of ‘“‘endocytogenesis”’ 
seems incorrect. 

A review of the evidence indicates that chromophobes give rise to 
acidophiles and to basophiles through the accumulation of one or the 
other of these specific granulations, and that either of the chromophiles, 
through loss of its specific granules, returns to the chromophobic state. 
These are the established routes which secretory changes in the cells 
cause them to follow, the routes of transition whereby cell proportions 
in the anterior lobe are altered. The establishment of the route is the 
first essential in any attempt to follow and describe the parade of experi- 
mental changes which we wish now to view. 

CELLULAR CHANGES IN THE ANTERIOR HYPOPHYSIS ASSOCIATED WITH 
VARYING PHYSIOLOGICAL STATES OF THE ORGANISM. No one questions 
today that changes occur both in the relative proportions of anterior 
lobe cells and within the cells themselves in response to physiological 
alterations in the organism. Natural alterations occur in the female 
during pregnancy or the sex cycle, and in both sexes with age. Experi- 
mental alterations are accomplished by ablation of one or more of the 
endocrine glands, or by the injection of an excess of a specific hormone 
to put the animal in a state of hypersecretion. Whatever the disturb- 
ance, it is the purpose of the investigator to disturb the balance which 
normally exists between the various glands of internal secretion and the 
anterior hypophysis, with the hope that by a study of the structural 
changes in the latter, he may gain insight into its functional relation- 
ships. In the following sections, we propose to review the more im- 
portant and established instances of cellular changes which have been 
described. 

CHANGES AFTER CASTRATION. We have already referred to the early 
reports and subsequent confirmation that castration is followed by 
marked cellular changes in the anterior hypophysis. Although many 
reports are to the contrary, an increase in basophiles is gradually being 
established as the outstanding castration effect in numerous species. 
These include the rat, guinea pig, rabbit, monkey, goat and probably 
man. We may expect that future researches will provide universal 
confirmation. In some species, though not in others, the basophiles 
become vacuolated to form what Schleidt (1914) called the “signet 
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ring” cell. Addison (1917) described these changes in the basophiles of 
the rat pituitary gland, and they have been most extensively studied 
in this species. Engle (1929) suggested that this colloid-like vacuola- 
tion was probably the source of the increased gonadotropic content of 
the castrate’s hypophysis, and indicated a heightened secretory activity 
of these altered basophiles. The ‘‘castration” vacuolation does not 
always form in the same manner. Frequently, however, it begins by a 
clumping of granules which subsequently liquefy into small vacuoles 
in widely separated portions of the cytoplasm. These break down, 
coalesce, and eventually form one or more large vacuoles which push the 
nucleus, the regressive Golgi apparatus, the mitochondria, and the 
cytoplasmic remnant to one margin of the cell. In late stages the 
nucleus is frequently pyknotic. Although the Golgi apparatus is 
enlarged in the cells which vacuolate, as it is in all of the hypertrophied 
granular basophiles of the castrate, it is questionable if the Golgi body 
has any part in the formation of the vacuolation. The cytological 
features indicate progressively regressive changes once the vacuolation 
of the basophiles has begun. 

Guyer and Claus, however, in a series of papers (1932-1937) look upon 
the vacuolation as the direct product of secretory activity, and believe 
that the small clear vesicles appearing in the meshes of the Golgi appa- 
ratus are products of its activity and unite to form the castration 
vacuole. There are certain valid objections to this point of view. 
Among these are the following: 1. These vesicles are always present 
in the Golgi meshwork of basophiles, and in acidophiles also, in the 
normal hypophysis, where no castration cells exist. They are, more- 
over, almost universally present in the Golgi material of all cells, secre- 
tory or non-secretory. In secretory cells they are augmented during 
periods of known secretory activity. 2. The substance in the Golgi 
vesicles is not stainable as is the vacuole substance. 3. Nowhere do 
these Golgi vesicles reach the prominence they attain in oestrone treated 
animals, yet vacuolated cells do not occur here. 4. They are extremely 
prominent in the vacuolated basophilic cells of the thyroidectomized rat. 
If, as Guyer and Claus, and others claim, these cells are undergoing 
hydropic degeneration in contrast to the secretory ‘“‘castration’’ baso- 
philes, then what function have these Golgi vesicles in the thyroid- 
ectomy cells? 5. The cytoplasmic vacuoles often form in isolated 
regions of the cell, and frequently are never in contact with the Golgi 
apparatus, being separated therefrom by the nucleus. 6. Vacuolated 
basophiles do not develop in castrated guinea pigs, and fail also to 
appear in thyroidectomized animals. 
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"These basophilic changes, whatever their nature, are still unexplained. 
They may result from an antagonistic association of two important 
phases of secretion, the augmentation of secretion production, and the 
inhibition of its release from the cell at a corresponding rate. The 
setting up of these two forces within the cell, perhaps in the nature of an 
abnormal secretory “back-pressure”’, may be the explanation of the 
vacuolation. That there is a decided increase in the elaboration of the 
basophilic hormone cannot be questioned. The assayed increased 
gonad-stimulating potency of the castrate’s hypophysis is an established 
fact (Engle, 1929; Evans and Simpson, 1929), but this may best be 
correlated with the great increase in the size and the number of granular 
basophiles (Smith, Severinghaus and Leonard, 1933). There is no 
reason, however, to assume that the colloid vacuolation is a substance 
without hormone content. Many of the new basophiles develop from 
the chromophobes which make up the periphery of the gland. In the 
normal gland these small cells form a layer which is frequently so 
compact that it is demarcated by its more intense staining. After 
castration, thyroidectomy, or especially after large oestrone injections 
this marginal zone becomes less marked or may even entirely disappear. 
An excessive reserve of chromophobes, both of acidophilic and basophilic 
potentiality, must exist. Finally there is little justification for the view 
which many investigators of the German School express, that the “ring- 
bildung” is the first stage of vacuolation. The “ringbildung”’ is the 
negative image of the Golgi apparatus, and is present in all basophiles. 
Although more prominent in the basophiles of the castrate’s hypophysis, 
it is nowhere more prominent than in late pregnancy or after oestrone 
injections, where castration cells never form. The prominence of the 
“ringbildung”’ is directly proportional to the cell’s secretion elaboration. 

Further interesting evidence on the gonad-stimulating content of the 
anterior hypophysis is seen in the studies of Clark on young rats. Clark 
(1935) found in female rats from birth to twenty days of age, a greater 
hormone content than in males of similar age. Castration in young 
males decidedly augmented the content of the gland, but had much less 
effect in the females. Clark interpreted these results on the basis 
that the male gonad begins its secretory activity much earlier than the 
female. Until about the 20th day, when the young rat ovaries begin 
active follicular development, the female may be considered a physiolog- 
ical castrate. The cytological findings (unpublished) are in direct 
agreement. The normal infantile female, 16 to 18 days, has many more 
large basophiles than a male of similarage. Castration at birth causes a 
marked and steady increase in basophiles in the male up to 20 days, but 
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the anterior lobe of a similarly castrated female differs little from the 
unoperated animal. 

Few studies have been made on the anterior hypophysis of the human 
castrate. The technical methods of the earlier investigators were not 
satisfactory, and there is evidence for believing that some of them even 
failed to identify the cells properly. Biggart (1934, 1935) examined four 
hypophyses, one male and three females, castrated from 2 to 6 years 
previous to autopsy. He believed the basophiles to be greatly increased, 
and confirmed the impression by accurate cell counts in one case. The 
basophiles were prominently vacuolated, and there was an increase in 
the chromophobe-basophile transitional cells. The writer has examined 
the hypophyses of several women over sixty years of age, who may be 
considered physiological castrates. The basophiles were obviously 
increased above normal. Although no systematic statistical counts 
were made, representative regions of the gland were examined. Many 
basophiles of the transitional type were present. In one case, obtained 
sufficiently fresh for good Champy fixation, such basophiles showed 
various stages of granule depletion and a marked increase in mito- 
chondria. These were so fine and so evenly distributed throughout the 
fine basophilic granules of the cytoplasm that the cell stained a reddish- 
purple. For some investigators these cells would certainly constitute a 
new cell type, for they were as much like atypical acidophiles as atypical 
basophiles in their color reaction. Copper hematoxylin, however, 
failed to stain these cells and certified to their basophilic relationship.? 
The vacuolation of the human basophiles, which is at all times char- 
acteristically present (see, however, Biggart, 1935) is increased in the 
hypophyses of aged women, but neither in these nor in the aged male is 
the signet ring type of castration cell found. 

Schultze (1934) has reported the observation that castrated rats may 
be divided into two groups: the first rapidly increase in weight while the 
second grow normally. The basophile increases and the vacuolation 
changes are far more pronounced in the first group than in the second. 
In a second paper (1935) Schultze reports that those animals which 


2 We can completely confirm Rasmussen’s timely insistance that copper hema- 
toxylin specifically stains the acidophiles, but does not stain the basophiles as 
reported by MacCallum, 1935. Knowing that the technique had been used to 
demonstrate acidophilic granules as well as mitochondria, Kirkman and I, work- 
ing on the guinea-pig and human gland respectively, checked MacCallum’s un- 
usual findings at the time of their announcement. We found that acidophiles only 
will be stained, although the mitochondria of the basophile are demonstrated 
after proper fixation. 

















CELLULAR CHANGES IN ANTERIOR HYPOPHYSIS 565 


become fat have thyroids whose large colloid follicles and extremely low 
epithelium indicate a definite hypothyroid condition, whereas castrates 
of normal growth show thyroids indistinguishable from the controls. 
In view of the reports of Kraus (1928, 1933, 1935) that basophiles are 
increased in constitutional adiposity which Rasmussen (1936) and others 
confirm, and the basophilic changes in the Cushing syndrome (1932) 
which involves localized adiposity and genital atrophy, these findings 
are of special interest. We shall also refer to them again in discussing 
the partially similar hypophyseal changes which follow thyroidectomy. 
Schultze makes only passing comment concerning the acidophile 
changes, but his tabulated data show an inverse relationship between 
the acidophiles and the basophiles that is as striking as the correlation 
he drew between the basophiles, the thyroid, and fat metabolism. 
Schenk (1929) reported that the hypophysis of a 20 month castrate 
returns almost to normal, but Wolfe’s (1934) data would not indicate 
any pituitary repair in long term castrates. In a strain of rats, genet- 
ically castrate, the castration changes are still prominent in two year old 
males. (Unpublished data.) 

Castration also affects the acidophiles. Zacherl (1912), Schleidt 
(1914), Addison (1917), Nukariya (1926), Severinghaus (1933) find in 
the rat a decrease in the size and staining capacity of the acidophiles, 
and an apparent decrease in their number which was, however, not 
marked. Desclin (1933) reported an increase of acidophiles, and Leh- 
mann (1927) reported a similar finding in a two year castrate. Fre- 
quently reported, it has been taken more or less for granted that in the 
human, castration is followed by an increase in acidophiles (Berblinger, 
1931). Rasmussen, however, (1933) finds 2 per cent more basophiles 
and 6 per cent fewer acidophiles among women whose ages averaged 61 
years as compared with a younger group averaging 31 years. The older 
group might be considered physiologically castrated. As Wolfe (1934) 
points out, the reaction of acidophiles to castration is difficult to estab- 
lish. Although they undergo changes, we must await the statistical 
analysis of a much larger series of male and female castrate human 
hypophyses before we may consider the proportions of its cells estab- 
lished. 

CELLULAR CHANGES ASSOCIATED WITH PREGNANCY. We turn now to 
an examination of changes in the cells of the anterior hypophysis asso- 
ciated with a physiological disturbance of the female reproductive 
system, namely, pregnancy. The histological records are in much 
better agreement than those reported under castration. From the 
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original observations of Comte (1898) until the more recent years, all 
investigators, with the exception of Urasov, had reported an increase 
either of chromophobes or acidophiles. Urasov (1928) reported an 
increase of basophiles in the pregnant mouse. The principal findings 
prior to 1930 are tabulated in chapter XVII, Sex and Internal Secretions, 
Allen (1932). 

In 1909, Erdheim and Stumme described a cell to which they gave 
the name “pregnancy cell.” Subsequent investigators of the anterior 
hypophysis of pregnancy have continued to refer to the “pregnancy 
cell.” To some, the pregnancy cell is a large finely granulated chromo- 
phobe, to others, a finely granulated acidophile of small size. Most all 
agree that it is a specialized acidophile-like cell which arises during 
pregnancy from the chromophobe, and after parturition slowly returns 
to a chromophobe state. 

For several reasons, it is unfortunate that the term “pregnancy cell’’ 
has become established in the literature. It has recently been pointed 
out (Wolfe, 1933; Rasmussen, 1933; Severinghaus, 1933; Nelson, 1934; 
Stein, 1934) that the pregnancy cell is not identifiable as a new cell type. 
From Erdheim’s original description it is evident that it is an active 
granulating and degranulating cell, whose granules are not distinguish- 
able, save, perhaps for size and number, from those of the standard 
acidophile. It is actually an acidophile in high secretory activity. In 
increasingly large numbers, it develops from the chromophobes as 
pregnancy ensues, remains in an active secretory phase throughout 
pregnancy, and reverts again to the chromophobe state some time after 
its termination. There is no more justification for calling these cells 
by a specialized name than there would be for calling the active de- 
granulating basophiles resulting from oestrone administration, (which 
see) “oestrone-cells.”” Because of the varying phases of secretory 
activity, the “pregnancy cell” is sometimes this, sometimes that. The 
transitional phases of both acidophiles and basophiles have been thus 
designated, so that the “pregnancy cell”’ of one investigator is not the 
“pregnancy cell” of another. 

The confusion of certain secretory phases of the basophile for the 
pregnancy cell is again the fault of misinterpreting mitochondria. Near 
the end of pregnancy, in the rat and guinea pig, for example, there is a 
marked progressive increase of basophilic activity, which results in many 
degranulated forms. This activity is accompanied by a great increase 
of mitochondria so that these cells with few basophilic granules and 
with many mitochondria have the appearance of sparsely granulated 
acidophiles, and have been erroneously thus homologized. 
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* In the rat, pregnancy is early marked by a degranulation of the 
acidophiles. Their hypertrophied Golgi apparatus and numerous 
mitochondria are features which we associate with secretory activity. 
The basophiles, however, show changes even more striking than the 
acidophiles. At the onset of pregnancy, basophiles appear normal but 
during the middle period they are present as large granular forms. In 
the latter third of pregnancy, they show a progressive increase of 
mitochondria and a wholesale depletion of their granulation. This 
mixture of mitochondria and basophilic granules is probably the explana- 
tion of the basophiles of varying shades of violet which Wolfe (1933) 
finds with his technique. At this time there are also large acidophiles 
in a similar state of secretion. Were it not for the characteristic Golgi 
apparatus, and the distribution of mitochondria, these cells would often 
be indistinguishable. With fixation which preserves the mitochondria, 
both cell types would resemble the acidophilic type of pregnancy cell, 
otherwise they would be referred to as large chromophobes. 

Kirkman (1937) has recently completed an exhaustive study of the 
guinea-pig hypophysis which includes a careful analysis of the gland 
during pregnancy, both cytologically and from a statistical enumeration 
of its cells. He finds that the degranulating basophiles, rich in mito- 
chondria, are the most characteristic feature, but that a significant rise 
in acidophiles occurs near the end of pregnancy and continues post 
partum. The latter findings agree with those of Wolfe (1933) in the rat. 

Well fixed human material at full term, fixed in formol and stained 
with Mallory trichrome, shows a striking similarity at high dry mag- 
nification to figure 4, plate I of Erdheim.* Higher magnification of 
certain of the so-called pregnancy cells shows the negative image of a 
greatly hypertrophied Golgi apparatus and a peripheral rim of acido- 
philic granules. As the first acidophiles of the human fetus arise, they 
have this same characteristic appearance. It is also commonly seen 
in thyroxin-activated hypophyses, and can be found by search in the 
normal gland. These cells are chromophobes elaborating their first 
acidophilic granules, the cytoplasmic accumulation of which makes of 
them acidophiles. . An examination of the pregnancy hypophysis shows 
that some cells reach full granulation and then enter upon degranula- 
tion as in the normal secretory cycle, but that others obviously actively 
produce and discharge their granules with little accumulation of a 
cytoplasmic store. This bespeaks intense activity of the gland. Many 
secretory phases of the basophiles are also evident in this same full term 


3 The writer recalls especially an excellent preparation of Doctor Rasmussen. 
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human gland, although there is not the widespread basophilic degranu- 
lation which characterizes the comparable anterior lobe of the rat. 

Students of endocrine physio'vgy will see, in the above cytological 
description of the hypophysis of pregnancy, no confirmation of the 
widely advocated and generally accepted notion that pregnancy holds 
anterior pituitary activity in check,—keeps the gland in a state of 
hypofunctioning (see, for example, Brouha et Collin, 1935). The cyto- 
logical facts will warrant no such interpretation. On the contrary, it is 
a most active gland, and the acidophiles as well as the basophiles are 
involved in this activity. Nor does the fact that the pregnancy pitui- 
tary gland contains less gonad-stimulating hormone than the normal 
indicate its hypofunctional state, as is constantly pointed out. A gland 
which has given up its stored secretion and is continuing to give it up as 
rapidiy as it is formed must and does show a lessened amount of hormone 
when tested by implantation. The hyperactive thyroid, too, contains 
less thyroxin. The hormone content of a gland is not the measure of 
its activity. Complete involution and maximum secretion may alike 
be associated with a greatly diminished contained potency. Nor is the 
amount of hormone in the blood or excreta of an animal always an in- 
fallible indicator of a gland’s activity, for we do not know to what extent 
the secreted hormones are being utilized, or the thresholds of excretion 
changed in the varying physiological states of the organism. 

CELLULAR CHANGES ASSOCIATED WITH THYROID ABLATION AND 
ADMINISTRATION. ‘The hypophysis is intimately related to other glands 
of internal secretion, and perhaps to other physiological conditions of 
the organism as well. Thus, pituitary changes have been associated 
with the thyroid, pancreas, adrenals, and with certain clinical syndromes 
which may not involve any of the other endocrine glands. Of these, 
we turn first to the effects of thyroid ablation and thyroid administra- 
tion upon the structure of the anterior hypophysis, because they are 
more clear cut and best established. 

Changes after thyroidectomy. Trautman (1916) reviews the earlier 
literature and cites acidophilic changes in the hypophyses of thyroid- 
ectomized goats. The acidophiles showed a degenerating vacuolation, 
and marked nuclear changes. Large vacuolated cells of a different 
character also were present, and have since been a common finding. 
Most of the earlier experimental investigators considered these to be 
enlarged chromophobes (Rogowitsch, 1889; Stieda, 1890; Bryant, 1930). 
The reports of clinical cases of hypothyroidism also include records of 
vacuolated cells (Wegelin, 1925; Vryman, 1929). There has not been 
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general agreement regarding the proportions of cells following thyroid 
insufficiency. Some report an increase in the granular cells, others a 
decrease. MacCallum and Fabyan (1907), Schultze (1914), Wegelin 
(1925), Vryman (1929), agree that acidophiles are decreased, although 
Schultze believed that the basophiles were also decreased. 

Hohlweg and Junkman (1933) reported the effects of thyroidectomy 
in the hypophyses of rats. They subsequently attempted the repair of 
these by the administration of thyroxin as well as gonadal hormones, of 
which only the former was effective. Severinghaus, Smelser and Clark 
(1934) published a preliminary report upon an extensive experimental 
analysis of hypo- and hyper-thyroidism in rats and its relation to the 
hypophyseal-gonad phenomena. The findings upon the thyroidecto- 
mized rat hypophysis are essentially similar to those of Hohlweg and 
Junkman. A marked loss of acidophilia due to granule depletion 
reaches its height at about 40 days when it may result in a complete loss 
of acidophiles. The acidophiles return to an inactive chromophobe 
state. The loss of their granules is not followed by any attempted 
repletion. The Nassonow-Kolatschev preparations show that the 
Golgt apparatus regresses with the change from acidophiles to chromo- 
phobes, and that large areas of chromophobes with a small acidophilic 
type of Golgi apparatus are present and remain, following the first four 
weeks of thyroidectomy. This return of acidophiles to the non-active 
chromophobic state is in direct contrast to the loss of acidophilia to be 
later described under oestrone administration. The basophiles are 
greatly increased in number, arising from chromophobes of the baso- 
philic line. Less than a week after thyroidectomy a marked increase 
of granular basophiles is obvious. From that time on, vacuolation of 
the basophiles begins and proceeds rapidly. These basophilic changes 
are believed to be of the same regressive character as the vacuolation 
of the basophiles after castration. The onset of vacuolation is earlier, 
the speed and degree of vacuolation are far greater than in the castrate 
hypophysis. As Hohlweg states, the hypophysis of the early thyroid- 
ectomized rat resembles that of a long term castrate. In the early 
phase of vacuolation, however, exactly similar pictures are seen after 
thyroidectomy and castration. In the former the older vacuolated 
basophiles become much larger and more irregular in shape, and the cell 
borders are not so sharply demarcated as in the castrate. 


*The injection of 5 r.u. of Progynon daily into thyroidectomised 9° rats pre- 
vented vacuolation of the pituitary basophiles over a period of 50 days (Sever- 
inghaus and Smelser, unpublished data). 
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Marine, Rosen and Spark (1935) confirmed the almost total loss of 
acidophiles in the rabbit, although they make no mention of basophilic 
changes. They show also that thyroid or thyroxin will restore the 
acidophiles to normal in the rabbit, a finding which agrees with those of 
Hohlweg and Junkman (1933) on the rat. 

Zeckwer et al. (1935) also confirmed the loss of acidophiles in the rat 
after thyroidectomy and noted the vacuolated basophiles, which they 
consider unlike the castration vacuolation. Their derivation of the 
vacuolated basophiles from the disappearing acidophiles through a 
transient chromophobic phase cannot be accepted without evidence. 
Zeckwer (1936) in a second communication believes that the anterior 
lobes of thyroidectomized rats have more thyrotropic hormone than do 
those of normals, but the increase is of such magnitude that it becomes 
apparent only after computations of “gland per gram body weight” 
are employed. Of the vacuolated basophiles Zeckwer (1935) states 
that since these are the only cells increased after thyroidectomy, they 
must be hypersecreting cells producing the excess thyrotropic hormone, 
but she is at a loss to understand why the increased potency is not 
commensurate with the great increase of basophilic thyroidectomy cells. 
Marine, Rosen and Spark (1935) have arrived at an entirely different 
conclusion on the basis of their experiments. They believe that the 
acidophiles produce the thyrotropic hormone, a view which the reviewer 
believes is most consistent with the general body of evidence. The 
implantation of anterior lobes from thyroidectomized rats into hypo- 
physectomized recipients would yield much more critical evidence than 
we have at present. 

The response of the anterior lobe to thyroidectomy is not alike in all 
species, although a basophilic increase also occurs in the guinea pig, 
rabbit, Rhesus monkey and the human. The cellular changes in the 
guinea pig and rabbit are of special interest. Since basophilic vacuola- 
tion does not occur after castration in these two species, would vacuola- 
tion follow thyroidectomy? In the female guinea pig vacuolation does 
not occur up to the 75th day following operation. Strangely enough, 
the acidophiles also have not disappeared. Both cells, however, give 
evidence of the beginning of changes which characterize the rat. Many 
basophiles show a coarse, deeply staining granulation and the early 
stages of cytoplasmic vacuolation within the same cell, duplicating the 
appearance of early phase vacuolation in the castrate or thyroidectom- 
ized rat. A few basophiles show larger vacuoles. The acidophiles 
have begun a widespread degranulation. In place of the compact 
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granular cells, the cytoplasm is dotted with distributed granules, giving 
a pinkish cast to the cell. These cells, except for more distinct margins, 
are not unlike the classical description of Erdheim’s pregnancy cells. 
The Golgi apparatus is not hypertrophied, but shows evidence of re- 
gression, as in the acidophiles of the thyroidectomized rat. These 
aberrant findings in the guinea-pig hypophysis must be supplemented 
by a study of castrated-thyroidectomized animals with and without 
hormone injections. A different balance between gonad-thyroid and 
hypophysis may account for the variable reaction of the guinea-pig 
hypophysis to gonad or thyroid ablation. The sensitivity of the guinea- 
pig thyroid to stimulation is well known, and has made it a standard 
test for assaying the potency of thyroid-stimulating substances (Aron, 
1930). The normal rat, on the other hand, is hyperthyroid, and it is 
difficult to further heighten the abnormally high epithelium of its 
thyroid by thyrotropic hormones. By changing the gonad-thyroid 
balance it may be possible to reproduce in the guinea-pig hypophysis 
the changes characteristic of the rat. The fact that the anterior lobe 
basophiles of the guinea pig do not vacuolate either after castration or 
thyroidectomy, showing only the earliest phases of it in the latter 
instance, is additional evidence that the phenomenon of vacuolation is 
similar in both cases. The reaction of the rabbit hypophysis seems to 
be intermediate between the rat and the guinea pig. In the rabbit 
acidophiles are greatly reduced after thyroidectomy, relatively few cells 
per section being present in some of our animals. The basophiles are in 
various stages of vacuolation, but many appear to remain as large, greatly 
degranulated, rather than vacuolated cells. These are probably the 
large vacuolated chromophobes of Bryant (1930). The disappearance 
of acidophiles, as well as the augmentation and vacuolation of baso- 
philes, is not so rapid and pronounced as in the thyroidectomized rats, 
but is decidedly greater than in the guinea pig. 

Changes in hyperthyroidism. The effects of thyroid administration 
upon the anterior lobe are no less interesting than those which follow 
thyroidectomy. If rats are thyroid fed or injected, basophiles are 
again increased and vacuolated (Severinghaus, Smelser and Clark, 1934). 
The vacuolation is indistinguishable from that found in castration and 
thyroidectomy. The male reproductive system, although disturbed, is 
not markedly altered. Cohen (1935) states that anterior lobes of hyper- 
thyroid male rats have more gonad-stimulating potency, confirming the 
reports of Evans and Simpson (1930), and Van Horn (1931) on the 
female. Smelser (1934) found no increased potency either in hyper- 
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or hypothyroid rats. Cohen found an increase in basophiles, but did 
not confirm the presence of typical castration cells. 

The acidophilic changes are none less striking than the basophilic. 
Hyperthyroid rats have a pronounced increased acidophilia. The cells 
are larger and the granules have greater affinity for the stain, giving 
brilliant coloration. The cells are not passively filling with granules, 
however, for there is much evidence of active secretion. Degranulating 
cells are numerous. The Golgi and mitochondrial components of the 
cytoplasm show marked hypertrophy. These acidophilic changes are 
in direct contrast to those seen after thyroidectomy in which acidophiles 
revert entirely to chromophobes, or after castration, where they decrease 
in size and number. 

The frequent hyperthyroidism in the conditions of acromegaly and 
pregnancy, the finding by Weichert (1933-1934) of persistent func- 
tional corpora lutea in hyperthyroid rats, each associated with actively 
secreting acidophiles, cannot fail to stimulate the imagination of the 
theorist, and lead him to suspect that the acidophiles as well as the baso- 
philes may be involved in the regulation of the reproductive mechanism. 
Such an inference is strengthened by an examination of the cellular 
changes in the hypophyses which result from the administration of 
certain gonadal and gonad-stimulating hormones, to which we now 
turn attention. 

CELLULAR CHANGES RESULTING FROM ADMINISTRATION OF SEX HOR- 
MONES. There is ample experimental evidence to establish the fact 
that cellular changes in the anterior hypophysis resulting from castra- 
tion are not immutable. Fichera (1905), who first described pituitary 
changes after castration, reported that he had also restored the altered 
hypophysis of the hen to normal by injections of gonad extract. Schleidt 
(1914) prevented castration changes in the hypophysis by implanta- 
tions of gonad material into the castrate. Some time later, controversy 
arose over the question of sex specificity. Lehmann (1928) claimed 
that he could restore the male hypophysis only by use of testis and the 
female only by ovarian injections. The experiments of Zondek and 
Berblinger (1931) and Baniecki (1928, 1931) supported Lehmann’s 
contention. However, the observations of Friedl (1933), Haterius and 
Nelson (1932) and many others have since demonstrated that sex 
specificity probably does not exist, although sex differences are present. 
It requires, for example, more female sex hormone to repair or prevent 
castration changes in a castrate male than in a castrate female. Fur- 
thermore, the sex hormones, if injected into a castrate animal in excess 
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wil] not only bring the hypophysis to normal but will then produce 
their own specific changes. 

MALE HORMONE INJECTIONS. The reported effects of male hormones 
upon the anterior pituitary cells are not in agreement. Nukariya 
(1926) retarded castration changes and Lehmann (1928) reported that 
he was able entirely to repair them in the pituitary basophiles of the 

rat by injections of water soluble testicular extract. Martins and 
‘Rocha (1931) also stated that water soluble extracts of testis would 
prevent castration changes in the basophiles. These results, which 
Nelson (1934) claims he has failed in numerous attempts to repeat, 
would indicate that the germinal epithelium produces a gonad hormone 
which acts on the hypophysis. From their study of eryptorchid rats, 
Evans and Simpson (1929) had earlier reached this conclusion, and it 
has been strongly supported by McCullagh since 1932. 

Cther investigators, Reese and McQueen-Williams (1932), Nelson 
(1934), attribute the pituitary changes to secretions of the interstitial 
tissue. Unfortunately, it is difficult to rid these preparations of oes- 
trone, although Nelson claims to have used oestrone-free preparations 
to effect a repair of the castration changes in pituitary basopiles. The 
evidence based upon cryptorchid as well as gonad-x-rayed animals must 
always be open to question, for in such cases the sertoli elements and 
basal cells remain in the degenerated germinal epithelium and could 
still be the source of hormone elaboration. However, the activation of 
the interstitial tissue of the cryptorchid testis, by antuitrin-S, which 
repairs the hypophyseal changes that had occurred in the basophiles, 
and likewise activates the seminal vesicles and prostates, suggests a single 
testicular hormone of interstitial source. Whether a single or two sepa- 
rate hormones are produced by the testis cannot be stated definitely at 
this time. 

CELL CHANGES AFTER OESTRONE INJECTIONS. Perhaps the most 
extensive and best established data are those reporting anterior lobe 
changes following oestrone administration, or after the use of gonad- 
stimulating extracts which may be assumed to have stimulated oestrone 
secretion by the ovaries of the treated animal. 

The earlier experiments with placenta feeding or crude extracts of 
the gonads have met with some criticism because of the unknown 
composition and potency of the substances employed. It may be said 
in their favor, however, that the reported structural changes in the 
anterior hypophysis following their administration have in large part 
been confirmed by later investigators using much more refined technique. 
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Berblinger (1914) reported that pregnancy changes could be brought 
about either in the female or male rabbit hypophysis by injections of 
placental extract. These findings were confirmed by Koyano (1923) 
and Lehmann (1928). The latter claimed that feeding of raw placenta 
as well as injections of extract would produce a pregnancy hypophysis 
in male or female rats. He also was able to produce the effect in spayed 
females, but failed in the male castrate. Baniecki (1928) produced 
pregnancy changes in the guinea-pig hypophysis by injections of 
placental extract. Wolfe (1933) reported that a degranulation of the 
basophiles occurred in the enlarged hypophysis which he obtained by 
injections of placental extract free of oestrin. There was likewise a 
decrease of acidophiles. All of these results are well interpreted as due 
either to the oestrone content of the placenta, the P.U. (pregnancy 
urine) factor or both. If the extract contains P.U., then this may 
stimulate the ovary of the injected animal to produce oestrone, which in 
turn acts upon the hypophysis. Thus, the effect upon the hypophysis 
is an oestrone effect. Although Zondek and Berblinger (1931) re- 
ported that no cytological change could be noted in the rat hypophysis 
after 11 days of oestrone treatment, it seems certain from the work of 
Hohlweg and Dohrn (1931) and numerous confirmations that oestrone 
does effect the repair of castration changes. 

Meyer, Leonard and Hisaw (1930) showed that oestrone injected 
into normal animals lessened the gonad-stimulating potency of the 
anterior lobe. The results of a cytological study of the normal and 
castrate rat hypophysis after treatment with oestrone, pregnancy urine 
(P.U.) extract, and menopause or human castrate urine (C.U.) extracts 
are instructive. In normal animals, the injections of P.U. or C.U. gave 
effects similar to those of oestrone—in castrate animals they were 
without effect. This is confirming evidence that we are dealing in all 
of these experiments with an oestrone effect. It became evident, how- 
ever, that the pituitary changes varied with the dosage and length of 
treatment. (Desclin, 1933; Severinghaus, 1934a, b; Hohlweg, 1934; 
Wolfe, 1934, 1935; Nelson, 1934.) With heavy prolonged treatment, 
new factors entered to change the pituitary response. 

Cellular changes after oestrone administration may be summarized 
as follows: The early response to light or moderate dosage is a stimula- 
tion of the basophiles. The basophiles enlarge, and new basophiles 
arise from the chromophobes. The Golgi apparatus enlarges and 
mitochondria are prominent. There follows under moderate stimula- 
tion a degranulation of basophiles, which we may interpret as release of 
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their secretory product. With continued stimulation the degranulation 
of the basophiles become widespread, the hypertrophy of the Golgi 
apparatus extreme, and many small basophiles with large Golgi regions 
but with few granules are present. These cells have obviously gone 
into secretion production without having had the opportunity to grow 
to normal size. It is an instance of ‘‘physiological childlabor.”” One 
observes also at this time an activity on the part of the acidophiles. 
They show a Golgi hypertrophy, and evidence of degranulation. Finally, 
after massive dosages or long administration of dosages above the 
physiological level, we have an anterior hypophysis almost completely 
depleted of both granular cells. They are, however, anything but 
normal inactive chromophobes, which histological techniques would lead 
one to believe. The Golgi apparatuses are as large or larger than the 
nuclei of the cells, and they occupy most of the available cytoplasmic 
space. So great is their hypertrophy that it becomes difficult, and in 
some cases impossible, to differentiate any longer between the acido- 
philic and basophilic cells by their Golgi apparatus. This gland is 
manufacturing and pouring out its secretion at an enormous rate, but 
practically no accumulation of secretion is possible. Upon implantation 
the gland would have a gonad-stimulating potency far below that of a 
normal hypophysis, even though it had enlarged under oestrone adminis- 
tration to six or seven times its normal size. Abundant mitoses are a 
factor in this enlargement. Implantation of the gland, through which 
potency is assayed, is again the measure of its hormone content but not of its 
its activity. . We may no longer infer, because the potency of the gland 
is diminished during pregnancy or with oestrone administration, that 
such a gland has been inhibited in its secretory activity. 

The reader will note that this interpretation of the effect of oestrone 
upon the anterior hypophysis departs radically from the generally 
accepted views. The literature is in almost complete agreement that 
the gonad-secretions inhibit the activity of the pituitary cells. Nelson 
(1934), whose cytological studies on the hypophyses of normal, castrate 
and ecryptorchid rats receiving oestrone or gonadotropic hormone 
injections are in almost complete agreement with our own, states that 
the enlarged Golgi, numerous mitochondria, and prominent nucleoli all 
might be taken as evidence of an increased secretory activity of the 
basophiles, but fearing that the physiological findings are not indicative 
of basophilic activity, he refers to these findings by saying, “‘we cannot 
always ascribe physiological activity purely on the basis of a morpho- 
logical picture.’”” No one may challenge this statement in its broad 
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sense, but the writer would venture the stand that degranulating cells 
are giving up their stored hormone content, and that the presence of an 
hypertrophied Golgi body marks the cell as an active secretory unit. 
Does one risk more to attempt a reinterpretation of the physiological 
finding rather than to disregard the cytological features of the cell? The 
latter have been quite firmly established in secretory cells in general. 
For that reason, let us venture a reinterpretation of the relationships 
between the pituitary cells and the gonads. 

SPECIFIC GONADOTROPIC SECRETION OF THE HYPOPHYSEAL CELLS. 
During the last six years, the study of the hypophyses in normal males 
and females, castrates, cryptorchids, thyroidectomized castrates, and 
these various animals treated with implantations or injected with 
pituitary extracts, gonad extracts and those of pregnancy mare serum, 
pregnancy urine and castrate urine, or combinations of these, has 
yielded an enormous amount of cytological data. The task of arranging 
these data into a non-conflicting theoretical whole must be faced. 
Many schemas have been made only to be abandoned when a new 
significant finding brought contradictory evidence. With an attempt 
to keep an open mind we must let the evidence take us where it will. 
The following relationships seem to us now best to fit the data, but here 
again physiological implications of the pituitary cells depart from those 
generally accepted today. 

It would seem that oestrone stimulates the development of basophiles 
to the production and release of their secretion. This in turn stimulates 
the ovary to follicular development and increases its oestrone output 
which, in turn, activates the basophiles. An excess of oestrone stimu- 
lates the acidophiles to activity which then activate the lutein develop- 
ment of the ovary to produce progesterone, which again directly stimu- 
lates the acidophiles. Acidophilic secretion seems also to inhibit the 
secretory activity of the follicle, as certain researches would indicate 
(Hamburger, 1936). The balance between progesterone and oestrone 
determines when the basophiles will again take the upper hand, and 
there is some evidence to indicate that progesterone in excess amounts 
stimulates the basophiles. It is evident that the schema must assume 
the production of two pituitary gonadotropic hormones and that the 
basophiles produce the follicle stimulator (F.8.H.) while the acidophiles 
produce the luteinizing hormone (L.H.). Evidence in the male would 
indicate that we may substitute the interstitial tissue for the lutein 
tissue, and the germinal epithelium for the follicle and again get a corre- 
lation of a large part of our data. Our results are, perhaps, most readily 
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interpreted by assuming two testicular hormones, one the product of 
the germinal epithelium, the other derived from the interstitial tissue. 
It is not impossible, however, to make the findings fit the assumption 
that but one hormone is produced, if we assume, as Nelson (1934) does, 
varying thresholds of cell activation. From our own data we feel 
reasonably sure that such a threshold difference, for example, exists 
between the basophiles and acidophiles in their response to oestrone. 

The above schema will not satisfy all the data at hand. We should 
not expect it to do so, for,on the one hand, the schema must err in places, 
and on the other, some of the data are probably not valid and other data 
may be misinterpreted. The writer has for some time found it in- 
structive to enter in their appropriate places on a large chart of the above 
schema, a key number for each piece of relevant research in the litera- 
ture. If the data support the schema, the number is entered in black; 
if they contradict the schema, the entry is made in red. The chart is 
predominantly black. 

In assigning gonadotropic function to the acidophiles one is not 
entirely without previous support. Philipp (1930) definitely ascribes 
to the acidophiles the production of Prolan. Since he cites a correla- 
tion of increased acidophiles in the castrate woman with increased 
Prolan in the urine, he obviously refers to so-called “Prolan A’’ or the 
follicle stimulating hormone. Margitay-Becht and Miklos (1931) 
correlate the oft reported increase of gonad-stimulating hormone in the 
urine of acromegalics with the increase in acidophilic cells. Kraus 
cites that this finding has been confirmed by Biedl, Hirsch-Hoffmann 
and others. Others have pointed out that castration frequently leads 
to acromegalic tendencies, and conversely, that the beginning of 
acromegalic symptoms are associated with disturbed genital function, 
especially an increased libido, and frequently both in men and women 
the stimulation to mammary development and secretion. (See litera- 
ture, Kraus, 1933.) Collin (1935) states that it is possible that the 
basophiles elaborate the Prolan, but it is by no means absolutely certain. 
Kraus (1933) has studied considerable groups of women, some having 
gonad-carcinomas, others being ovariectomized, or with ovaries x-rayed 
and radium treated, others suffering from tumors of the brain. All 
showed a marked increase of gonadotropic hormone in the urine. In 
almost all of the individuals who came to autopsy, an increase of acido- 
philes was found in the hypophysis. In a few cases, a large increase of 
chromophobes was the most characteristic modification. Kraus also 
implanted portions of known basophilic and acidophilic regions of the 
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anterior hypophysis and got ovarian responses in both instances. 
Chromophobic adenoma gave a slight gonadotropic response. Ade- 
nomata of acidophiles gave follicular luteinization. An adenoma, 
believed to be purely basophilic, gave a marked follicular growth and 
luteinization. Thus, Kraus has concluded that both cells may produce 
the gonadotropic hormones. Since he had not used hypophysectomized 
test animals he could not hope to separate, with any certainty, the 
follicular and lutein phases of gonad stimulation and assign them to 
specific cells of the implanted tissue. 

One might reémphasize, in brief summary, the correlations of several 
structural changes with confirmed physiological findings. 1. Oestrone 
in large doses markedly activates the acidophiles. Oecestrone in large 
doses luteinizes the ovaries (Hohlweg, 1934, and others). 2. Thyroid 
injections augment and activate the acidophiles. Hyperthyroid ani- 
mals go into continued dioestrus with persistent functional corpora 
(Weichert, 1934). 3. Oestrone, in massive doses in the male mouse, 
gives a profound development of interstitial tissue. The hypophysis 
shows complete degranulation of the acidophiles. (Severinghaus and 
Haagenson, unpublished.) 4. Acromegalics are commonly hyper- 
thyroid and this condition is frequent during pregnancy. Both are 
associated with marked activity of the acidophilic cells. The causative 
agents in the acidophile-ovary-thyroid relationship are not yet estab- 
lished. 

Hamburger’s striking experiments (1936) in which he demonstrated a 
loss of gonadotropic potency in the blood sera of normal 9 rats injected 
with pregnancy mare serum, as compared with similarly treated spayed, 
hypophysectomized or doubly operated females, are again in harmony 
with the interpretation that massive oestrone production or injection 
stimulates the acidophiles to produce a hormone which inhibits follicular 
development. We have found in the hypophyses of these animals, a 
complete degranulation of the acidophiles and a Golgi hypertrophy so 
great as to occupy the entire available cytoplasmic space. While the 
basophiles are likewise degranulated they are, of course, entirely over- 
shadowed by the active acidophilic cells in point of number. Attention 
should here be called to the fact that in such cases of excess stimulation 
many cells are literally “‘worked to death” and large areas of degenerat- 
ing parenchyma become noticeable features of the gland. This occurs 
after heavy injections of sheep A.P., mare serum, P.U., or C.U. (Sever- 
inghaus, 1934) and Collip, Selye and Thompson (1934) reported it after 
excessive administration of hypophyseal extracts to female rats. 
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’ CELLULAR CHANGES ASSOCIATED WITH CERTAIN CLINICAL CONDITIONS. 
The association of acromegaly with tumors of acidophile cells has already 
been mentioned. Adenomata of chromophobes are the most frequent 
tumors of anterior lobe origin. They frequently become a large super- 
sellar mass before they cause disturbances of the visual fields by pressure 
upon the optic chiasma and are thus discovered. In their growth they 
obviously produce no secretion which disturbs the physiology of the 
organism. The hypopituitary symptoms which accompany many 
large chromophobic adenomata are due to the atrophy of the normal 
anterior lobe parenchyma which the tumor pressure causes. ‘The cells 
of chromophobic adenomata do not contain specific granules. Certain 
chromophobic adenomata, which have been associated with acromegalic 
symptoms that have subsided, give evidence that their cells have 
previously been active acidophiles. The presence of sparsely granu- 
lated acidophiles among the chromophobes may be noted (Cushing and 
Davidoff, 1927; Dott and Bailey, 1925). 

Basophile adenomata have recently been associated with an unusual 
syndrome which Cushing (1932) termed “Pituitary Basophilism.”’ 
Regardless of our interpretation of the réle played by the anterior lobe 
basophiles in this polyglandular syndrome, they do undergo character- 
istic changes. Crooke (1935) has called attention to the hyalinization 
which regularly replaces their cytoplasmic granules. The writer had 
studied the hypophysis of a case (later described by Graef, 1936) and 
reported a complete loss of basophilic granulation but not of basophilic 
staining of the cytoplasm. In addition, the nuclei showed marked 
abnormalities. Extreme lobulation and blistering vesicles from the 
nuclei were common, and frequently occupied almost the entire cell 
volume. Portions of the original nucleus remained at times as pyknotic 
remnants which took a deep acidophilic stain. No evidence of the Golgi 
region remained. These changes all suggest a degenerating rather than 
an actively secreting cell, and in this case they had progressed in the 
extreme. 

Among many anterior lobe changes related to clinical conditions, the 
folllowing have been more generally recognized: 1. Basophiles are said 
to be increased in cases of primary hypertension, glomerular nephritis, 
and constitutional adiposity. Although much of the data must be 
accepted with great reservation, it is interesting to note that hyperten- 
sion is characteristic of the entire group. 2. Crooke (1935) studied 
serially sectioned anterior lobes from 5 patients who died of Addison’s 
disease and made statistically acceptable cell counts. They report the 
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basophiles reduced to one twenty-fifth their normal number, confirming 
the previous reports of Kraus (1923, 1927), Harrop (1932) and Berb- 
linger (1932). In Addison’s disease blood pressure is greatly below 
normal. 3. Although many pituitary changes have been associated 
with local brain or malignant tumors, there is better agreement among 
the investigators who have studied the effects of chorionepithelioma and 
hydatiform mole. In brief, these two malignant growths result in 
anterior lobe changes which resemble those in pregnancy. They have 
been repeatedly confirmed (R. Mayer, 1929; Réssler, 1929; Novak, 
1930; Heidrich, Fels and Mathias, 1930; Mathias, 1933). Stéckl, 
(1933) who confirmed the presence of pregnancy cells, also reported an 
increase of basophiles in a single case. Unusual interest is attached to 
the anterior lobe pregnancy changes in chorionepithelioma because the 
ovaries undergo extreme luteinization, multiple lutein cysts being a 
frequent finding. Here again is a striking relationship between the 
acidophiles and ovarian luteinization. 

The progress of cytological investigations has been rapid during the 
last decade, perhaps so rapid that at places the directional signs have 
been missed: There will necessarily be, from time to time, a retracing 
of the way, and a new departure upon the proper road. But cytology is 
a good and useful vehicle, and if used properly will continue to render 
valuable service. We who use it must always keep close contact with 
our fellow travelers, the experimental physiologists. With mutual 
questioning and a free exchange of information we may all confidently 
expect to reach our goal. 
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CELLULAR DIFFERENTIATION AND TISSUE CULTURE 
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During ontogeny the metazoan embryo becomes a complex animal 
with a diversity of cells, tissues and organs. In general, the integrated 
changes involved in this organization of the embryo are irreversible and 
lead eventually to its death (136, 43, 156), although this irreversibility 
does not necessarily hold for all of its parts. Weiss (197) in an excellent 
exposition of the subject has shown that at least five distinct phenom- 
ena occur during development: 1, cell proliferation; 2, cell movements 
(morphogenesis) ; 3, cell differentiation (histogenesis); 4, emancipation 
of parts from the whole (organogenesis), and 5, functional and correla- 
tive adaptation. Other analyses of the factors in this progressive 
complication and specialization of structure and function of the ovum 
are presented from various points of view in recent publications (145, 
116, 36, 88, 148, 149, 6, 87, 95, 177, 201). Despite minor differences, 
the general conclusion is that the forces in development are those of 
segregation or determination, while the effects of these forces may be 
spoken of as differentiation. F. R. Lillie (116) defines embryonic 
segregation as the ‘‘process of origin of diverse specific potencies that 
appear in the organism in the course of the life-history, which express 
themselves later in tissues of specific structure and function.”’ 

The meaning of “differentiation” is obvious when we say that in the 
course of development four major tissues (nerve, muscle, epithelium 
and connective substance) differentiate in the embryo; or again, when 
we say that ganglionic and neuroglial cells differentiate from the 
embryonic neural epithelium, or that the epithelial cells of the stomach, . 
pancreas and liver differentiate from entoderm. In each of these 
instances the meaning is clear; that is, in progressive embryogenetic 
development there is a progressive specialization of cells in structure, 
function and relationships. But some authors seem to consider differ- 
entiation as equivalent to embryonic development, as Needham (149) 
who defines it as increase in complexity and organization, while others 
use it in this sense as well as in more limited ones. This is evident in 
the following quotation from Conklin (44): ‘‘All differentiation is trans- 
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formation from a more general and homogeneous to a more special and 
heterogeneous condition. Dedifferentiation, on the other hand, is the 
reverse of this. Many differentiations are purely temporary, others are 
more permanent, but, in general, protoplasm is not constant or static 
with respect to differentiation, but oscillates between different phases. 
These oscillations or cycles may be short as in physiological processes of 
assimilation and dissimilation, contraction and expansion, mitosis and 
intermitosis; or they may be long as in life-cycles of individuals, in which 
differentiation may be more or less permanent and irreversible. These 
life-cycle differentiations are usually known as development, which may 
be defined as progressive differentiation, coordinated as to time and 
place.” 

It is because of these various meanings of the term that Lillie (116) 
said, ‘It is impossible, I believe, to utilize the words ‘differentiation’ or 
‘determination’ in a strictly analytic sense, on account of the accus- 
tomed, but vague significances that are attached to them.”” One would 
be tempted to agree with this and discard the term but for the wide- 
spread use of it and its modifications, as ‘‘dedifferentiation,”’ ‘“redifferen- 
tiation,” and “‘self-differentiation.”’ 

The question of the relation of differentiation to changes in cells 
during various physiologic cycles and to the life-cycle of an individual 
was answered in part by Roux (171) when he defined differentiation in 
biology as a physically or chemically perceptible or an only deducible 
change of a living creature which outlasts the normal functional cyclic 
changes. But as is the case with most biological concepts, this defini- 
tion immediately encounters difficulties, the most important of which is 
the delimitation of cyclic physiological changes. It must be decided 
whether the recurring development, discharge and new formation of 
secretory granules in a glandular cell which result in a specific cell 
product—the meroplasmatic differentiation of Weidenreich (195)—are 
evidences of differentiation, dedifferentiation and _ redifferentiation. 
. This bears directly on our problem, for the glandular cells which have 
lost their secretion granules in tissue culture are often spoken of as 
dedifferentiated. Is this unlike the process by which a free macrophage 
arises from a resting cell, becomes active in inflammation, and eventually 
becomes a fibroblast (127)? We shall have to decide whether this series 
of cell changes or transformations is a cellular differentiation. If this 
is not differentiation, it is obvious that the cyclic changes in glandular 
cells are not differentiations. Perhaps even more difficult to classify 
are the effects of some hormones on certain cells. It must be determined 
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whether the changes in the cells in the male accessory glands due to the 
absence and presence again of the male hormone (144) are differentia- 
tions or whether only those changes which occur during normal develop- 
ment are differentiations and the castration effects merely temporarily 
different functional states. This will be discussed shortly. 

\Huxley (94) divided the process of differentiation into two phases and 
suggested terms for them: 1, chemo-differentiation, which comprises 
the preliminary, invisible changes in cells as they develop along special 
lines, and 2, histo-differentiation, which is the visible morphological 
change occurring in, or reflected from, the specialization. It seems 
natural to assume with Huxley that before there is a visible change in a 
developing cell it may change its chemical composition in anticipation 
of the morphological change which will appear later. But “‘in the last 
possible analysis we find all differentiations the results of chemical 
changes in protoplasm” (44). As the histo-differentiations also repre- 
sent chemical changes, these new terms merely imply that some of the 
early stages of differentiation may be invisible. Some investigators 
(81, 95) have adopted these terms and speak of chemo-differentiation as 
an explanation of a process or as a cause of a phenomenon. This is 
incorrect if we accept v. Bertalanffy’s opinion (6) that differentiation is 
merely a description of what happens and hence cannot contribute to an 
understanding of the causal nature of a process. 

Practically all of the definitions of “differentiation” convey the idea of 
a progressive specialization in form and function of the cells of a develop- 
ing organism, but disregard their potentialities for further development. 
It seems obvious, however, that before we can say that a cell is differen- 
tiated in a given direction or at a particular level on the basis of its 
structure and function, we must ascertain through experiment whether 
it has lost the ability to follow other lines of development. In view of 
the various senses in which “differentiation”? has been used in biology 
and because of the omission from these definitions of the concept of 
developmental potencies, I have found it desirable in considering the 
striking changes which cells undergo in vitro to limit the use of the word 
to the specific connection of ‘cellular differentiation” and to assign a 
definite meaning to this phrase which would include cellular potencies. 
Other words should be used to denote the other types of differences 
which appear in the developing organism, for the factors involved in the 
production of liver cells are not identical with those leading to the 
formation of a liver, in spite of the fact that the term differentiation has 
often been used for both processes. 
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Proposed definitions. For the purposes of this review I shall define 
“cellular differentiation” as the process which results in specialization 
of a cell as measured by its distinctive actual and potential functions. 
The actual functions, or phenotypic properties, include specific physio- 
logical activities, energy requirements, growth energies under controlled 
conditions, and such qualities as species specificity. Although structure 
and function have not always been correlated, the morphology of a cell 
may be considered to be a reflection of its actual functions and hence 
there is no necessity for separating the two aspects of the same quality. 
In analyzing cells, however, the available data are often only of morpho- 
logical nature, so that at times it is necessary to stress structure rather 
than function. Then, too, some of the functions of a cell may remain 
the same while it undergoes changes in structure. Instances of this will 
be given below. 

The ideas of distinctiveness of the cellular functions and potencies 
must be included in this definition if we are to ascertain how cells differ 
from one another. For example, if five apparently different kinds of 
cells have a property in common, as the ability to make connective 
tissue fibers, we can use the presence of this property to demarcate 
these five types of cells from other types, but it does not help us to sepa- 
rate any one of the five from the rest. Under certain conditions these 
five types of cells might assume the same appearance and might be 
performing the same activities, as making fibers in our example. And 
yet, if each of these five types of cells has distinctly different potencies, 
we can separate them if we are able to allow their potencies to be 
realized. 

Cellular differentiation is, accordingly, to be sharply distinguished 
from those cellular changes, no matter how striking they may be, which 
are only temporary reflections of the reaction of the cell to new stimuli 
and which do not carry with them any change in potential functions. 
For these reversible cellular changes in response to the presence or 
absence of various stimuli, Weiss has suggested (198) the term ‘‘modula- 
tion.” If modulation is the loss of some actual functions without a 
change in potencies, then “dedifferentiation” would be the loss of some 
actual functions and an increase in potential functions. ‘‘Redifferen- 
tiation” would be the return to a position of greater specialization in 
actual and potential functions. If this distinction between ‘‘dedifferen- 
tiation” and “modulation” is kept in mind, it is obvious that the changes 
mentioned above in the seminal vesicle after castration and subsequent 
injections of male hormone are not dedifferentiations with subsequent 
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redifferentiations but are modulations. Likewise, the changes in many 
of the blood and connective tissue cells in inflammation are not differen- 
tiations insofar as they are of a reversible nature. In other words, any 
cellular change which involves a change in the potencies of the cell 
excludes the possibility of this being a modulation. 

A hypothetical example of redifferentiation would be the transforma- 
tion of a hepatic cell into an indifferent appearing epithelial cell and then 
the development of the latter into a renal tubular cell. The views on 
the occurrence of this process in the invertebrates are discussed by 
Child (36) and others (176). 

The haziness of the concept “differentiation” has not extended to the 
terms ‘“‘self-differentiation” and ‘‘dependent differentiation.’”’ These 
were introduced by Roux to convey the idea that in some instances 
cells, and especially groups of cells, have the ability to develop progres- 
sively because of their intrinsic constitution, while in other cases the 
directing forces are known to be without the cell. But the results of 
experimental embryology indicate that all differentiations are at first 
dependent; they gradually become self-differentiations (197). Many 
examples of what were previously thought to be self-differentiations are 
now known from experiment to be dependent differentiations. 

The concept of self-differentiation has been a useful one in experi- 
mental embryology. It has been Lillie’s (116) main criterion in evalu- 
ating the process of embryonic segregation. He understands self- 
differentiation to be “the capacity of the part under examination to 
carry through its specific differentiation, as defined for purposes of the 
experiment, when isolated or explanted in a neutral environment (in 
vitro), or transplanted to some other part of the embryo.” Most of the 
‘ changes which appear in cultures of tissues are to be looked upon as 
reactions of the cells to the stimuli of an abnormal environment. If 
these changes are considered from the point of view of whether the cells 
and tissues have realized their presumptive values (what would have 
been their normal fate within the body), then we shall see that self- 
differentiation does not occur in many types of cultures. 

_There is much evidence that progressive differentiation of cells is 
accompanied by a progressive loss of potencies for further develop- 
ment, although the two processes are not always parallel. That is, 
there may be a considerable lag between the reaching of each new stage 
of development and the narrowing of the field of the lines of potential 
development. It is also possible that our experimental methods may 
not be appropriate to elicit many potencies. In this connection, Harri- 
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son’s (87) words on the problem of determination are especially fitting: 
“There is no way of finding out with certainty whether the particular 
quality which a cell seems to have is finally fixed, for there always may 
be new conditions, not yet tested, under which other potencies might be 
revealed.”’ This implies that for each type of cell and cell group at 
every (main) stage of development we must ascertain whether dediffer- 
entiation, redifferentiation or modulation may occur. 

Some of the potencies (potential functions) of a cell appear during 
normal ontogeny as presumptive values (normal fates), while others 
become manifest as spontaneous abnormalities in the embryo and in 
many diseases. Still others become visible as a result of experiments 
with defects, chorio-allantoic grafts, or cultures of tissues and organ 
primordia in theembryo. Other potencies, again, appear in transplants 
or cultures or in regeneration after ablation of adult tissues and cells. 
Of these various spontaneous and experimental conditions, we are 
concerned here mainly with the manifestations of cellular potencies in 
tissue culture. 

CELLULAR DIFFERENTIATION AND TISSUE CULTURE. The tissue 
culture method has been closely related to the problems of cellular 
differentiation (85, 86) for it was observed at once that the explanted 
cells often underwent striking changes in appearance. This led in a 
few years to the conclusion by Champy (33, 34, 35) that all cells in 
tissue culture revert to an undifferentiated, embryonic condition (with 
the possibility of returning again to a more differentiated condition). 
On the basis of his experience with tissue cultures, Champy subscribed 
to Prenant’s (166) idea that cells could not dedifferentiate before under- 
going mitosis and that the more rapid the cell multiplication, the more 
rapidly could dedifferentiation take place. This thesis and the criti- 
cisms directed against it will be considered below. 

Despite the extensive literature on tissue cultures, the results are 
meager as applied to the problems of cellular differentiation. Very few 
of the investigators in the field have had a continued interest in this 
problem, as most of the work in tissue culture has been directed to find- 
ing out whether portions of various organs could grow and under what 
conditions growth took place. By growth has usually been meant cell 
multiplication, although it has not always been distinguished from 
migration of cells in the cultures. Further, it is only in recent years 
that many investigators working with tissue culture have realized that 
in general, but not always, cells differentiate during those periods in 
which they are not multiplying rapidly. In addition to the lack of 





























CELLULAR DIFFERENTIATION AND TISSUE CULTURE 595 


interest in the problem, the study of differentiation in tissue culture has 
been retarded by the fact that the technics used were often of a type 
which prohibited cellular differentiation. 

In the following pages some instances of the results obtained by 
culturing various tissues will be discussed insofar as they concern the 
problem of cellular differentiation. The particular examples selected 
in this short review must obviously be but a small fraction of those in 
the extensive literature. Detailed descriptions of the morphological 
changes in the various tissues in vitro are given in two excellent mono- 
graphs (114, 103). The results of the use of the method from the points 
of view of growth rates, energy requirements, etc., form the subjects of a 
large number of papers and books (22-25, 27, 72, 58, 160, 2). (See also 
202.) 

Culture technics. The advances in our knowledge of the behavior of 
cells in vitro have been to a large extent a reflection of the technics 
employed and the goals set by investigators. The main technics are: 
1. the Harrison method which consists in explanting tissues in plasma 
(85) or in a liquid medium (Lewis and Lewis, 114) on a coverslip mounted 
over a hollow slide; it affords an excellent opportunity for the study of 
living cells with high magnifications for a few days; after fixation and 
staining only the cells in the migration zone can be studied unless the 
cultures are sectioned. 2. Carrel and Burrows modified this procedure 
by removing part of the tissue explanted by the Harrison method and 
placing it in a new medium of plasma and embryonic extract; this is 
repeated every few days (22, 23, 28,17). With this technic the cells are 
kept at a high rate of multiplication, and by varying the medium Carrel 
and his co-workers have amassed much information on the conditions 
necessary for apparently unlimited multiplication of several cell types 
in vitro. 3. The Carrel flask method (25) which permits tissues to 
grow in plasma and embryonic extract for longer periods of time than 
either 7 or 2. 4. The Maximow double coverslip method (121, 122) 
in which the coverslips with the attached tissues are not disturbed as 
in 2, but are washed in a saline solution and supplied with fresh em- 
bryonic or bone marrow extract every 3, 4 or 5 days. This method, 
in which relatively little cellular multiplication takes place as com- 
pared with method 2, was extended (128, 130) to keeping tissues for 
several months in the same Carrel flasks with infrequent washings and 
additions of new extract. 5. This method was greatly extended and 
improved as the delayed growth method of Fischer and Parker (76) 
in which the tissues in Carrel flasks are not disturbed and are fed with 
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liquid plasma or serum (Parker, 158, 160) for but a few hours every 
few days. Method 4 is directly opposed to method 2, for in it the cells 
multiply very rarely and Parker (160) reports maintaining serum cul- 
tures alive and without much multiplication for as long as a year. 6. 
The perfusion and roller tube methods. All of these technics} with the 
possible exception of some of the perfusion methods, subject the ex- 
planted cells to a very abnormal environment in which the accumulat- 
ing metabolites are only removed at intervals of several days and not 
continuously as by the circulating blood and lymph within the body. 

The term “latent life’? applied by Fischer (73) and Ephrussi (58) 
to the tissues in the types of cultures developed by Fischer and Parker 
is not accurate. It does not describe the condition of the cells in 
these cultures and overlooks the existence of important cellular func- 
tions other than multiplication. For after an animal has stopped 
growing, most of its cells cease multiplying, although they are actively 
carrying on the specific functions which they alone contribute to the 
organism. While a given strain of cells may have a characteristic 
rate of multiplication in vitro, and although this may be a means 
of testing and of discriminating them from similar cells, it is not the 
only criterion in the characterization of a cell type. For the outstand- 
ing characteristic of a muscle cell is its ability to contract, of a nerve 
cell to receive, transmit, or alter stimuli which it receives, of a glandu- 
lar cell to secrete its peculiar product. 

Cellular multiplication and differentiation. In general biology it has 
been clearly realized that cellular multiplication and progressive cellu- 
lar specialization do not take place at the same time and “that these 
two processes are specifically different in respect to their activation 
and activating potentiality in the dynamics of development”’ (Coghill, 
40). Diirken (54) separates simple growth which is cell multiplication, 
in which nothing new appears, and differentiation which is the produc- 
tion of something qualitatively new. The evidence on the independ- 
ence of growth and differentiation has been reviewed by Needham 
(148, 149). This of course does not rule out the possibility of growth 
(i.e., multiplication) and differentiation occurring as parts of the same 
process. Thus it has been claimed (120) that myelocytes often appear 
in new situations in the developing embryo as a result of mitosis of a 
stem cell. , 

With a few exceptions (107, 125, 179, 180), it was some time, how- 
ever, before this idea of a sort of antagonism between multiplication 
and differentiation was realized by many who continued to use tissue 
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culture methods in which the cells multiplied rapidly. M. Lewis (107) 
commented on the absence of fibers in a strain of embryonic cardiac 
muscle fibroblasts which Ebeling was carrying along with Carrel’s 
technic at a high rate of multiplication for several years: “In all prob- 
ability there is no differentiation of the connective tissues into fibrils 
or fibers, as Ebeling describes the growth as though it consisted of un- 
differentiated mesenchyme, which is what would be expected in any 
tissue that proliferates as rapidly as this tissue necessarily must. It 
would be interesting to see whether, if one of the cultures were kept 
alive without further explantation, it would again differentiate after 
a certain equilibrium of proliferation had been reached.’”’ This experi- 
ment was carried out ten years later by Maximow (128, 130) who found 
an extensive development of collagenous fibers in cultures of several 
tissues in which the rate of cell multiplication had been kept low. In 
recent years the relation of cellular multiplication to differentiation has 
received much attention from Strangeways, Fischer, Parker, Dolchan- 
sky and Ephrussi who stress the necessity of considering the potencies 
of cells which have undergone structural simplification in vitro. 

Carrel has shown that cells apparently multiply indefinitely in vitro 
when treated appropriately. This is what he means by tissue culture, 
and when all of the cells in a culture have the same appearance, he 
calls this a “pure strain’”’ of cells. In view of the evidence which will 
be discussed below on morphologic changes of certain tissues in vitro, 
it seems that a distinction must be made between a morphologically 
pure culture, that is, a culture in which all of the cells look alike, and 
one in which all of the similarly appearing cells have the same potencies 
of development. 

Explanted cells in a non-nutritive medium multiply and migrate for 
some days, after which they die unless they are re-fed. Carrel has 
studied this phenomenon at great length; he calls it “‘residual growth 
energy”’ and distinguishes it sharply from tissue culture. This impor- 
tant property of tissues in vitro might possibly be one of the factors 
which enable certain of the primordia to develop progressively for a 
short time—see below on self-differentiation. It is more probable, 
however, that the factors permitting or causing self-differentiation are 
not simply residual growth energies, for although growth is as extensive 
in cultures of the cardiac primordia of older embryos as in those of 
younger ones, progressive differentiation does not occur in the former 
(154). 


Types of migrating cells in culture. Most tissues when cultured show 
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a movement of cells from the explant into the surrounding medium after 
a varying latent period. This period varies with the age of the donor 
organism, the medium used and the type of tissue (28, 42, 103). Thus 
the migration of cells in a culture of blood leukocytes begins in less 
than an hour while no cells may appear for 4 days in cultures of con- 
nective tissue of an adult animal. The migrating cells appear in bundles 
or sheets in cultures of connective tissues and glandular and muscular 
organs, especially ui the embryo. In cultures of hematopoietic organs 
and of blood the -e:t, migrate at first as individual leukocytes and 
macrophages; only !»ter do sheets of cells appear in such cultures. Nerv- 
ous tissue is characterized primarily by the movement of numerous 
nerve cell processes and of only a few cells into the medium. 

Thomson (184) called the ordinary type of outgrowth which appears 
in most cultures “uncontrolled growth’ which he contrasted with 
“controlled” or “sem ‘ic’? growth by which he meant cultures with 
little migration or “,ultiplication of cells but rather with some 
progressive differentiation. Maximow (125) introduced the term 
“cytotypic growth” jor the cultures of isolated cells, as those of the 
blood; “‘histotypic growth” for the tissue-like, uncontrolled growth of 
Thomson; and “organotypic growth” in which an atypical, organ-like 
structure develops with very little cellular multiplication, at least at 
first. 

What is a fibroblast? With the exception of nervous tissue, prac- 
tically all types of tissue when cultured give rise to large numbers of 
cells which suggest by their appearance the fibroblast of the normal 
loose connective tissue. Most investigators have called them fibro- 
blasts, although a few have been reserved enough to call them fibro- 
blast-like cells. But these authors have rarely given reasons for call- 
ing them fibroblast-like, other than an unwillingness to identify them 
with the fibroblasts within the organism. Accordingly, before enter- 
ing a more detailed consideration of the results of tissue culture, the 
question of what is a fibroblast must be considered. 

This is one of the fundamental questions in the investigation of 
cellular differentiation in tissue culture. For it is both claimed and 
denied that many of the so-called fibroblasts of the tissue culture litera- 
ture are morphologically changed cells of other types. It has been 
agreed by practically all investigators that most of the spindle-shaped 
cells in tissue cultures closely resemble fibroblasts—indeed it is just 
this similarity which gave them this name or the less committal term 
“fibroblast-like,” although an occasional investigator does not agree 
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oh morphological grounds that these spindle cells are fibroblasts (178) 
or would separate fibrocytes from fibroblasts (desmocytes from desmo- 
blasts) (37). Those who called them fibroblast-like cells used to point 
out (103) that these cells had not been shown to produce fibers and 
hence the name fibroblast was incorrect. But the demonstration that 
these cells can produce fibers has removed this objection (130, 10, 132, 
142, 143, 103, 15). 

A fibroblast in the body is characterized by its actual functions and 
its potencies of development. It is a flattened cell with tapering proc- 
esses which may be in contact with those of adjacent cells. The cyto- 
plasm is smooth in the living cell and in well-fixed preparations; it 
usually contains a small number of filamentous or granular mitochon- 
dria and a few very small or no neutral red stainable bodies. The 
nucleus is oval, with smooth outlines, often with a longitudinal fold. 
The nucleolus or nucleoli are flattened and pale staining; the chromatin 
is finely divided and is often spoken of as dust-like. It is important 
to note that fibroblasts are not always morphologically different from 
mesenchymal cells. 

Fibroblasts make connective tissue fibers in the body and in cul- 
tures. But reticular cells, smooth muscle cells, perivascular cells, 
osteoblasts and chondroblasts also produce fibers in vivo and in vitro, 
and epithelium often participates in making basement membranes. 
Hence, this criterion is insufficient for delimiting fibroblasts from other 
cell types. Some investigators (118, 140) even consider reticular cells 
and fibroblasts identical. But the identity of the two has not been 
accepted as proved by all authors because of claimed differences in their 
cytopoietic and phagocytic functions. The reviewer, in unpublished 
experiments, attempted to use the ability to produce fibers in vitro as 
a criterion for similarity or dissimilarity of strains of embryonic and 
adult connective tissue of rabbits, guinea pigs, and chickens. Although 
all of these tissues made fibers in cultures which had none to start 
with, the experiments were considered inconclusive because, for tech- 
nical reasons, the parallel strains of cells did not grow well at the same 
time and with portions of the same media. 

There are several reports describing the transformation of the fibro- 
blast of the loose connective tissue in tissue culture into cells which 
are macrophages (137-139) or which look like macrophages (11), and 
there can be no doubt that the fibroblast-like cells of many types of 
cultures can turn into active macrophages (71, 58, 158). The claim 
that these macrophage-like cells are dying (183) is incorrect because 
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mitoses may be seen in them and because with change in medium they 
may become fibroblast-like again. Accordingly, in the terminology 
used here, most investigators would consider the transformation of a 
macrophage into a fibroblast-like cell and of the latter into a macro- 
phage to be modulations and not differentiations. 

The failure to answer the question whether these spindle-shaped cells 
are the same as the fibroblasts of the loose connective tissue has left 
unsolved the fundamental cytological problem of ascertaining whether 
the cultured cells of similar appearance but of different origins have 
the same or different prospective developmental potencies. 

Carrel and Ebeling (31) reported that fibroblasts of the subcutane- 
ous tissue of embryonic and adult chicks grow at the same rate in cul- 
ture after a short time. They expressed the opinion that the fibro- 
blasts of the adult chicks reverted to the embryonic condition. 

It has been shown (157-159) that the fibroblast-like cells from many 
different organs grow at distinctly different rates when cultured under 
the same conditions in vitro. This has been interpreted to mean that 
the fibroblasts are different in each organ. Olivo (155), however, was 
unable to confirm this observation. It is striking that these various 
races of fibroblast-like cells described by Parker (159), in addition to 
marked differences in their growth rates, also show other distinctive 
properties. Thus, those from embryonic skeletal muscle show the 
greatest ability to form acid in the cultures. Again, some of these 
races of fibroblast-like cells liquefy the fibrin of the culture medium 
while others do not. 

But it has also been shown that the fibroblast-like cells grow at dif- 
ferent rates when taken from the same organ at different periods of 
embryonic development and that these different growth rates remain 
constant for the life of the particular strain of cells (159). It is pos- 
sible that these strains of fibroblast-like cells which are obtained at 
various times from the same organs at the same or different stages of 
development might be composed of quite unlike cells, each strain per- 
haps representing one or more precursors. Parker now (160) speaks 
of these cells as “so-called fibroblasts.”’ 

As I believe we should speak of a cell in tissue culture as a fibroblast 
only when it has been shown to have the same and no other functions 
(both actual and potential) as the fibroblasts of the connective tissue 
when cultured, I shall refer to the elongate, more or less spindle-shaped 


cells which appear in culvures of a wide variety of tissues as “fibroblast- 
like cells.” 
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The above discussion on what is a fibroblast shows clearly the neces- 
sity for including the concept of developmental potencies in the attempt 
to estimate the degree of differentiation of a cell. We may now consider 
a few examples of the effects of culturing different kinds of cells. 

Hematopoietic tissues. The reticular cells of embryonic and adult 
spleen (29, 121, 64, 61, 79) lymph nodes (122, 123, 131) and bone mar- 
row (28, 59, 77, 167, 121) develop into free macrophages, which are 
active phagocytes, and fibroblast-like cells which produce reticular 
fibers in the cultures, as do the reticular cells in the body. As there is 
evidence that the reticular cells give rise to lymphocytes in the cultures 
(123), they should not be identified with the fibroblasts of the connec- 
tive tissue until it has been proved that the latter also have this po- 
tency. The basophil free stem cells of the myeloid (59) and lymphatic 
tissue (122) are also described as giving rise to macrophages and fibro- 
blast-like cells. 

When bone marrow extract was added to lymph node cultures, the 
lymphocytes developed into heterophil myelocytes, a few eosinophil 
myelocytes and megakaryocytes (124). This observation has not 
been confirmed (174), although in cultures of rat lymph nodes the 
lymphocytes develop into eosinophil myelocytes (101). The described 
transformation of these lymphocytes into myeloid cells would be an 
irreversible differentiation, for the granular leukocytes seem to be end- 
cell stages incapable of development into other cell types. 

Blood and lymph cells. From the point of view of the unusual 
changes which the non-granular leukocytes undergo, cultures of the 
blood cells are among the most striking of all cultures. In the hands 
of many workers it has been proved that the monocyte of fish, amphib- 
ian, reptilian, chicken and mammalian blood undergoes marked 
changes and develops into macrophages, epithelioid cells, giant cells 
and fibroblast-like cells (1, 30, 109, 126, 129, 19, 89, 111, 7). Many 
investigators believe that the lymphocytes also develop by individual 
transformation into macrophages and fibroblast-like cells as seen in 
cultures of normal reptilian, avian and mammalian blood (41, 129, 
84, 186, 7), of lymphatic leukemic blood (1, 187, 161), of normal and 
leukemic blood cells infected with B. tuberculosis (126, 185) and with 
B. leprae (4), and of rabbit lymph (9, 5). Similar changes also take 
place in the lymphocytes of peritoneal fluid cultured from lymphatic 
leukemia (168) and the pleural exudate in tuberculosis (98). Some 
investigators are not convinced that the lymphocytes undergo this 
change (111, 91, 92, 57). 
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The identical potentiality of the various sizes of lymphocytes has 
been demonstrated by the observation that the small lymphocytes of 
lymphatic leukemia can turn into large lymphocytes (hemocytoblasts) 
with densely basophil cytoplasm (161). Pseudoeosinophil myelocytes 
developed under certain conditions from lymphocytes in cultures of 
rabbit lymph (12). This experiment tends to corroborate the con- 
clusion mentioned above of the differentiation of myeloid cells from 
lymphocytes in cultures of lymph node in bone marrow extract (124). 

In cultures of myeloid leukemic leukocytes it has been found that 
the myeloblast, in addition to transforming into monocytes, macro- 
phages and fibroblast-like cells (1, 187, 92, 192, 161)—as do the lymph- 
ocytes of lymphatic leukemic blood—also changes into erythroblasts 
and myelocytes (187). 

The latter transformation is obviously a differentiation. The revers- 
ible transformation of macrophages into fibroblast-like cells in tissue 
culture is probably a modulation. Carrel and Ebeling (32) believe 
that the monocytes and macrophages represent different functional 
states of the same cell. If their view is correct, this is an excellent ex- 
ample. of modulation. But most workers are not convinced that 
lymphocytes, monocytes, macrophages and fibroblasts can change into 
one another, in spite of the evidence within the organism that the 
reticular cells can give rise to lymphocytes and the latter to monocytes 
(127). The hematological implications of these cultures is discussed 
elsewhere in detail (13). 

Most striking of all the cultures of blood leukocytes is, perhaps, the 
demonstration that the non-granular leukocytes of the guinea pig, 
when allowed to survive undisturbed in vitro for a sufficient length of 
time, can develop into morphological fibroblasts, accompanied by the 
development of typical intercellular argyrophil and collagenous fibers 
(128, 130). 

The culturing of blood leukocytes by various investigators is an ex- 
cellent example of differences in technic giving rise to differences in re- 
sults. Thus, the non-granular leukocytes develop into macrophages 
and fibroblast-like cells in simple Harrison slide cultures; they develop 
into a pure culture of large mononuclear leukocytes (i.e., macrophages) 
by the Carrel cutting technic; they develop into fibroblasts which elab- 
orate connective tissue fibers by Maximow’s delayed growth flask 
method. 

Bone and cartilage. Fibroblast-like cells arise in cultures of embryonic 
bone, but bone does not develop (200, 164). Dolchansky (50) ob- 
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tained a pure culture of cells that he called osteoblasts which he be- 
lieved differed from fibroblasts by having a juxta-nuclear vacuole. 
But osteoblasts do not have a vacuole near the nucleus, although they 
do have a prominent pale-staining attraction sphere. Osteoblasts lack 
a characteristic structure in vitro and the supposedly specific vacuole 
has not been found by others (182, 90); it was probably a fat droplet. 

Cultures of the mandible of chick embryos contain large numbers of 
collagenous fibers but no bone (18). In old cultures of adult rabbit 
connective tissue, extensive calcification of the interstitial substance 
occurs in the centers of the cultures (141). This is not bone but prob- 
ably a degenerative phenomenon. Fell (67) noted the development 
of true bone from osteoblasts in cultures of the periosteum and of the 
endosteum of the embryonic chick. The periosteum of older embryos 
loses this ability. Osteoblasts of bone fractures can make bone in 
vitro (153). The development of cartilage and bone in cultures of limb 
primordia is discussed in the section on self-differentiation in vitro. 

Fischer (70) obtained a pure culture of cartilage cells. These grew 
like an epithelium but did not produce cartilage with its characteristic 
interstitial substance. In an extension of this work (74) it was found 
that cartilage cells do not grow and he concluded that his previous 
culture (70) must have come from the perichondrium. Fischer and 
Parker (76) found that a pure strain of fibroblast-like cells from the 
calvarium of embryo chicks, when allowed to settle down in a flask by 
their method of slowing cell multiplication, developed a peculiar sub- 
stance between the cells which they likened to a chondroid material. 
The correctness of their conclusions has been questioned as their figures 
are not convincing that this was cartilage (141, 103). Cartilage de- 
velops from the endosteum in cultures of the tibia of 3 to 13-day chicks 
(67). 

Epithelium. When most of the epithelium-containing organs of 
embryos, and to a much lesser extent of adult animals, are cultured, 
there is an outgrowth of epithelium and connective tissue, and usually 
some endothelium. After a relatively few days the outgrowth of con- 
nective tissue predominates greatly over the epithelium unless certain 
experimental means are employed to permit the epithelium to grow. 
An exception to this is the mammary gland of the mouse (72) in which 
the epithelium grows faster than the connective tissue in culture. The 
epithelium of portions of the renal tubule of adult mammals may also 
grow in pure culture without other experimental intervention (53, 115), 
although it has been claimed that the membranes of supposed epithelial 
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cells in kidney cultures are composed of mesothelial (169) or histiocytic 
cells (151). It has been impossible to grow many of the highly special- 
ized glandular ceils of adult animals with the present methods of cul- 
turing. With a few exceptions most of the favorable results on cultures 
of epithelium have been with embryonic tissues. 

Epithelium in culture usually grows in thin membranes or solid cords; 
only rarely does it grow out of the explant as a tubular structure. But 


“in all of these instances the epithelium preserves one of the character- 


istics of this type of tissue, namely, adjoining cells are in immediate 
contact. | This is clearly seen when epithelium begins to grow out in 
cultures of mixed tissues or in those instances when pure cultures of 
epithelium have been obtained. 

At the advancing margin of growth, however, the epithelial cells 
frequently separate from the membrane or cord as isolated cells which 
cannot be separated morphologically from fibroblasts. \On the other 
hand, fibroblasts of both embryonic (114, 103) and adult connective 
tissue (121, 141) may grow in sheets in which adjacent cells are in as 
close contact as those in any epithelium. | Accordingly, there seems to 
be no fundamental difference between epithelium and connective tissue. 
Both of them may grow as “epithelial’”’ membranes (although this 
happens much more frequently with the epithelia) and they may both 
grow as isolated or loosely connected cells (although this is the usual 
mode of growth of connective tissue). 

The transformation of obvious epithelial cells into cells of fibroblast 
appearance was one of the main reasons which induced Champy to 
conclude that all types of cells underwent a dedifferentiation in vitro. 
/Uhlenhuth (191) showed, however {that the form of the epithelial cells 
in vitro depends on the consistency of the medium} His explanation 
of Champy’s observation that | the addition of connective tissue to 
epithelium in culture helps the latter maintain its epithelial form is 
that the connective tissue acts as a more resistant substrate than fibrin. 
This idea receives( confirmation from the fact that in pure cultures 
epithelium grows for months in sheets on free surfaces, while it may 
grow in cords or as isolated cells when buried deep in the fibrin of the 
culture medium. A similar explanation may hold for the observation 
of Ebeling (55) who found that thyroid epithelium in the presence of 
connective tissue assumes a tubular or follicular form. Drew (53) 
likewise found that membranes of renal epithelium grew in the form 
of tubules when connective tissue was added to the pure culture of 
epithelium. The findings that pure cultures of epithelium grow in 
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tubes and cords when connective tissue is added to them (35, 56, 53) 
have been widely accepted as evidence of differentiation in tissue cul- 
ture./ Some (163, 103) do not agree with this conclusion and are of 
the opinion that the apparent differentiation of this renal epithelium 
is only the adaptation of the epithelium to the mechanical presence of 
the connective tissue and is not to be considered as a differentiation. | 

Occasionally{ isolated epithelial cells have been observed to turn 
into typical phagocytes which cannot be distinguished morphologically 
or by any other criterion from the free macrophages of the reticular 
tissue in vitro. Perhaps the best situation in which to see this trans- 
formation of epithelium into macrophages is in cultures of the lung of 
embryonic mammals (21); this can be readily substantiated for the 
embryonic guinea pig by direct observation of the living and in sec- 
tions of the cultures (14). Is this assumption of phagocytic functions 
by obvious entodermal cells of the bronchioles a modulation or a dif- 
ferentiation? For the present there is no evidence that these macro- 
phages can return to an epithelial condition. The source of the macro- 
phages in the post-natal lung cultures is disputed; some believe they 
are of mesenchymal origin (100, 8) while others maintain they are from 
entoderm (21). | 

In most adult organs, the epithelium that grows is probably the less 
specialized epithelium of the ducts. This is also true of some of the 
cultures of embryonic organs. However, in these there is some indica- 
tion that the more specialized cells of secretory type may grow out and 
lose their evidences of specific activity (38, 39). This has been repeat- 
edly demonstrated in cultures of embryonic pancreas (162). 

Pigment develops in epithelial cells in cultures of retina of the em- 
bryonic chick (117); it does not develop from the mitochondria (175). 
In a rapidly growing pure culture of iris epithelium (72) the cells do 
not form pigment. In one of the clearest demonstrations of the rela- 
tionship of rate of growth to development of specific structure (51), 
it was found that iris epithelium of the embryonic chick ceases to make 
pigment after 8 to 10 passages if cultured in the usual fashion. But if 
such cultures are maintained by Fischer and Parker’s delayed cell 
multiplication method with the substitution of heparin plasma for 30 
per cent embryonic extract, pigment develops very rapidly. (This may 
be looked upon as a cell modulation with the inhibition of a 
producing ability during the period of rapid cell multiplication.) It has 
also been shown (52) that there is very little glycogen in the cells in a 
pure culture of hepatic epithelium of the embryo chick whose cells 
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are multiplying rapidly. When the rapid cell multiplication is inhib- 
ited, large amounts of glycogen accumulate in the cells. These are addi- 
tional examples of the type of phenomenon noticed in connective tissue 
cultures in which the production of intercellular fibers becomes mucl. 
more prominent when the cells are not multiplying rapidly. 

In a pure culture of thyroid epithelium of embryonic chick, it was 
noted (55) that some atypical follicles with a colloid-like material were 
found; it has been claimed (49), however, that these follicles were re- 
mains of the original explant and that follicles do not develop when sub- 
cultures are made only from the migration zone. Thyroid epithelium 
grew better in plasma from animals treated with potassium iodide (49). 
Small amounts of potent hormones have been detected in cultures of 
the posterior lobe of the hypophysis of embryo rats and mice (78). 
The same authors (110) noted a great increase in the epinephrin con- 
tent and of the chromaffin cells of the adrenal medulla of embryonic 
chicks in culture. 

Kasahara (97)) cultured the anterior lobe of the hypophysis of em- 
bryonic rabbits. He jobtained sheets of apparently undifferentiated 
epithelial cells. When such cultures were explanted and iater kept 
at 28 to 30°C. for about a week with extract of placenta and then at 
body temperature; he found that eosin staining granules appeared in 
these epithelial cells.) He identified these cells with the eosinophil 
cells of the pars distalis. If these are actually the characteristic gran- 
ules of the A cells and not tissue culture degeneration granules, these 
experiments are an excellent example of demonstrated modulation in 
vitro. He speaks of the morphologically indifferent cells of these cul- 
tures as “deflected from the line of ontogeny.”’ But he has not shown 
how this term differs from the terms dedifferentiation, redifferentiation 
and transformation which he also uses. 

The epithelium of the rabbit’s thymus, which in the adult animal is 
transformed into a cellular reticulum like that of reticular tissue, in 
culture assumes a typical epithelial arrangement and grows out in 
sheets and solid cords (165, 189). The small thymocytes behave like 
lymphocytes; some turn into macrophages. The exposure of the cul- 
tures to x-rays hastens the death of the lymphocytes and accentuates 
the development of the epithelium (190). Although it has been claimed 
that there is no epithelium in cultures of embryonic cat thymus (47), 
in cultures of adult rabbit thymus (130) the epithelium has been 
figured as growing in distinct cords separated from the connective tissue 
elements by reticular fibers. 
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‘One important characteristic of most epithelia in mixed or in pure 
cultures is the similarity in appearance of the cells when obtained from 
many different sources. As these apparently specialized cells have lost 
their specific structural peculiarities, it is apparent that they have either 
dedifferentiated or become temporarily modulated to indifferent cells. 
In the case of pigment epithelium of the retina and probably also in 
that of the anterior hypophyseal cultures, it has been shown that these 
changes are modulations. J 

Muscle. Adult cardiac muscle does not grow and dies after a short 
time in vitro. In such cultures the endothelium and fibroblasts of 
the interstitial connective tissues grow out as in other tissues when 
cultured. The fate of embryonic cardiac muscle in culture has been 
the subject of much debate. Olivo (154) has shown clearly that in 
explants of 24- to 30-hour-old undifferentiated heart primordium of the 
embryonic chick the myoblasts develop cross striations and contract 
rhythmically. They persist for several weeks and then dedifferentiate, 
lose their characteristic structure and appear as fibroblast-like cells. 
In cultures of older embryonic heart (2 days) the histologically differ- 
entiated myocardial cells migrate inte the medium where they soon 
lose their cross striations, although they ecatinue to beat rhythmically 
(17, 99, 112, 16, 154, 103). In plasma. alone such cultures might ‘con- 
tract for over 60 days (23). Embryonic extract in the culture medium 
stimulates the rate of morphologic simplification of the myoblasts and 
they soon lose the ability to contract, although not for some days after 
the cross striations are lost (154). 

It is believed that the fibroblast-like cells of embryonic cardiac 
muscle cultures, including those of the 20-odd-year-old strain, are 
fibroblasts (31, 72), or that they are fibroblasts and endothelial cells 
(112, 152), or that they are predominantly dedifferentiated myoblasts 
mingled with a few endocardial cells and that they probably cannot 
be made to assume again the form and function of cardiac muscle cells 
after long-continued life in vitro (154, 103). However, Goss (82, 83) 
cultured embryonic rat heart for 30 to 40 days, allowed the cells to 
assume the non-contracting indifferent appearance of fibroblast-like 
cells, and then continued to culture them by the method of delayed 
growth. He saw in these cultures the reappearance of cross striations 
and the resumption of spontaneous contractility. Olivo has clearly 
shown that there is a distinct difference between the myoblasts of the 
early chick embyo, which differentiate progressively in cultures of 
the Carrel type, and the dedifferentiated cardiac muscle cells after a 
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long period of existence in vitro. In the light of Goss’ work it remaiis 
to be determined whether the cells in Olivo’s cultures were as com- 
pletely dedifferentiated as he believed. 

One of the most interesting findings of all of the work on cultures of 
chick cardiac muscle is that of W. Lewis (112) who noted distinct dif- 
ferences in rate of contraction in each of two cells whose cytop.asm was 
apparently continuous. Obviously, our histological methods are in- 
adequate for the demonstration of a functional barrier bet veen the two 
cell territories observed here. 

Champy (33, 34) found that the smooth muscle cells in cultures of 
adult rabbit urinary bladder and of arterioles, after a long latent period, 
lost their myofibrils, underwent mitosis, and migrated into the medium 
as elongated cells which he could not distinguish in his sections from 
fibroblasts. He concluded that the smooth muscle cells had dedif- 
ferentiated in the cultures. M. Lewis (108) came to quite different 
conclusions from studies of smooth muscle in various organs, particu- 
larly the amnion of the embryonic chick. She was able to aistinguish 
the muscle cells by their greater refractility from fibroblasts in the living 
cultures. Myofibrils were not present in the living cells but appeared 
after fixation. On the other hand it is claimed (104) that the nyofibrils 
are discernible in the living smooth muscle cells. Levi (103), although 
in general agreeing with Lewis’ findings, says that those smooth muscle 
cells which have lost their myofibrils are difficult to distinguish from 
migrating mesenchymal cells. These apparently dedifferentiated 
muscle cells should be tested for the presence in them of the potentiality 
of contracting. It must be pointed out that Levi and Lewis worked 
with embryonic muscle, while Champy studied adult muscle. It is 
possible that some of the discrepancies are to be explained by this dii- 
ference in the material studied, for, as noted above in the discussion 
of cardiac muscle cultures, the age of the donor tissue plays an important 
role in the fate of the explanted cells. 

Nervous tissue. Harrison in his first tissue culture experiments (85, 
86) showed that in early frog embryos the neural epithelial cells develop 
progressively into neuroblasts and differentiate processes which extend 
beyond the explanted tissue into the fibrin of the medium. These 
growing nerve cell processes were not accompanied by any supporting 
or guiding cells. Burrows (17) obtained similar results with cuitures 
of embryonic chick nervous tissue. In cultures of slightly older em- 
bryos, the nerve cells have already differentiated nerve cell processes. 
These are cut during explantation but the processes regenerate in 
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culture. The extension of the neurites into the medium is a growth 
process; it is not a migration of the nerve cell. Harrison (85, 86) con- 
sidered the development of the undifferentiated cells into’ 1 .uroblasts 
and later into typical nerve cells as an example of self-differentiation. 

After several subcultures, the nerve cells begin to die and the residual 
undifferentiated neural epithelium begins to grow (125, 154, 102) 
until finally a pure culture of epithelium may be obtained (96). Kapel 
believed that this epithelium developed through dedifferentiation of 
the neuroblasts and nerve cells. The correctness of this conclusion 
was denied vigorously by Levi (103) who claimed that there was no evi- 
dence of dedifferentiation of neuroblasts or nerve cells in vivo or in 
vitro. It is possible that nerve cells gradually turn into fibroblast-like 
cells (119, 103). In addition to nerve cell processes, neuroglial cells 
and macrophages migrate from explants oi embryonic nerve tissue. 
The question of the nature of the microglia is still unsettled (45, 135, 
103). 

In cultures of spinal ganglion of embryonic chicks, neurofibrils have 
been demonstrated in fixed preparations (62, 63) and have also been 
seen recently in the living ceils of similar cultures (106, 199). Mitoses 
are probably completely absent in nerve cells in the body. They are 
exceedingly rare in nerve cells in culture, having been described by only 
a few observers (119, 105). As seen in the living dividing nerve cells, 
the cell processes are not retracted during division. 

After the nerve cell processes move into the fibrin of the medium as 
individual fibers, they form very rich anastomoses with those of ad- 
jacent cells with the usual culturing technic. These networks are not 
comparable to those found ncrmally in the body, although configura- 
tions closer to those in the body may be produced with other culture 
procedures (196). This chaotic connection between the fibers may be 
due to the absence of the regulating mechanisms in force within the 
body (103). 

In summary, the cells of embryonic nervous tissue have marked 
powers of self-differentiation in culture. This is particularly striking 
when compared with other tissues in which morphologic simplification 
is the primary characteristic. In nerve cultures the differentiated cells 
die after a few weeks while the undifferentiated cells persist as a pure 
culture of epithelium. 

Evidences of self-differentiation of primordia in vitro. There are some 
instances in which embryonic primordia have undergone for a time 
the same progressive development in vitro that they would have fol- 
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lowed within the body. Perhaps the most thoroughly studied cases 
are the differentiation of cardiac muscle from the cardiac primordium 
and of neurons from neuroblasts described above. These are examples 
of self-differentiation with histotypic growth. 

In cultures of the early stages of chick embryos the first vessels in 
the extra-embryonic portion of the embryo develop as isolated spaces 
in the mesenchyme which later fuse (133, 172, 146). A similar process 
occurs within the body of the embryo for the first vessels and the heart 
(172), and for vessels in the metanephros (169). The early stages in 
vasculogenesis and hematopoiesis in vitro of the chick follow the same 
general course as in vivo (46). Attempts to alter the development of 
the primitive blood cells into primitive erythroblasts by changes in 
the composition of the culture medium were unsuccessful (147). These 
progressive develcpmental changes may be considered as instances of 
self-differentiation. 

Greater numbers of macrophages develop from the mesenchyme cells 
in cultures of the chick blastoderm (146) and of rabbit embryos (125) 
than in vivo. Further, embryonic liver, which in mammals is the 
site of intense hematopoiesis, in culture showed large numbers of 
phagocytes coming from the cells lining the sinusoids, but no hemato- 
poiesis in rabbits (125), although erythrocytes develop in cultures of 
young human embryonic liver (3). Hematopoiesis does not occur in 
cultures of embryonic chick spleen (170, 75, 48) or in mammalian em- 
bryonic spleen (134). The main cells in these cultures are at first 
macrophages and then fibroblast-like cells. 

There are several reports of cultures of embryonic epithelium-con- 
taining organs retaining a semblance of organ-like or organotypic 
growth. The origin of renal tubules from metanephrogenic mesoderm 
has been observed in living cultures (169) and the development of 
atypical pancreas, intestine and parts of other organs from rabbit blasto- 
derm cultures has been described (125). The persistence and growth 
of the bronchiolar system has been reported in cultures of human lung 
(20) and similar findings have been made for the lungs of birds (193). 
Small portions of embryonic chick intestine persist for weeks without 
cellular multiplication but with the formation of mucus and with peri- 
staltic contractions of the muscular layer (72). But in these and many 
other cultures of organ primordia there is no progressive specialization 
of form and structure which bears a close resemblance to the function- 
ing mature gland. There is only an atypical progression along the line 
of relatively early embryonic developmen*. 
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In cultures of chick embryos of 64 to 72 hours, atypical eyes differen- 
tiate (181) in which pigment appeared in the retina, and the different 
layers of the retina, including visual and ganglion cells and Miiller’s 
fibers developed. Fell (65) made similar studies on the otocyst. In 
both eye and ear cultures the rate of development was considerably 
less than in vivo. The development of cartilage from mesenchymal 
cells (chondroblasts) has been described for cultures of primordia of 
embryonic chick limbs (66, 67, 103). The development of the cartilage 
into bone and the production of phosphatase has been described (68) 
in these organotypic cultures. Lack of space prevents a discussion of 
the results of other studies on self-differentiation of embryos or their 
parts in vitro or the effects of induction in cultures of parts of embryos 
(69, 93, 173, 194, 150, 80, 103). 

A possible relationship between these self-differentiations and Car- 
rel’s residual growth energy has been commented upon above. 

Reimplantation of cultured cells. Very little work has been done with 
reimplantation of cultures to determine whether the indifferent appear- 
ing cells of the cultures could regain the specific morphological char- 
acteristics they had before explantation. There is a sentence in 
Champy’s article of 1913 to the effect that autografted cultured tissues 
redifferentiated completely if they did not atrophy; further details were 
not given. Strangeways (179) found that reimplantation of cultured 
embryonic skin, intestine and cartilage resulted in more or less typical 
tissues of these kinds, care having been taken to remove all of the orig- 
inal tissue from the cultures. T6ér6 (188) showed that the spindle cells 
of embryonic chick heart and lung developed into cross-striated cardiac 
muscle and cartilage respectively, when grafted into the site of the 
lens in chicken. It has also been shown that cultures of malignant 
tumor cells manifest their malignant properties when inoculated into 
animals (26, 113, 72, 60). Cultures of parathyroid and hypophysis 
have also been reimplanted (203, 204). 

Summary. It now seems obvious that the earlier tissue culture 
methods do not permit an extensive analysis of cellular differentiation. 
It is true that they allow a certain degree of self-differentiation of 
embryonic organ and tissue primordia. This has rarely been under the 
control of the investigator. The usual effect of explantation with the 
older technics has been to elicit the multiplying capacity of cells and, 
with this, a morphological simplification of them in most cases. It is 
clear that cellular multiplication and cellular differentiation are dis- 
tinct processes, each of which usually takes place only in the absence 
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of the other. The introduction of the delayed growth technic makes 
possible a new phase of tissue culture work. Much information on the 
levels, causes and control of cellular differentiation in vitro will un- 
doubtedly be obtained if this new path is followed with the energy and 
ingenuity with which Carrel has prosecuted the problems of cellular 
multiplication in vitro. 

With a few exceptions most of the adult tissues have not been cultured 
successfully. This has usually been interpreted to mean that adult 
nerve, muscle and glandular cells are unable to live and grow in vitro 
because of their specialization; that is, during development they have 
lost most of their powers of multiplication and of adaptation to a new 
environment. There is a distinct difference between the failure of these 
cells to live in vitro and the fact that during at least the earlier stages 
of their embryonic existence, cells of these same strains not only live 
but multiply in culture. We must conclude that in the course of 
ontogeny these cell strains lose the plasticity and adaptability they 
possessed earlier in their development. It is importai.t to note, how- 
ever, that we lack morphological criteria for the discrimination of this 
change in most cases. This aspect of the problem of cellular differenti- 
ation is summed up in the question: When does a mesenchymal cell 
become a fibroblast? 

The evidence of grafting experiments in amphibians and of chorio- 
allantoic grafts in chick embryos shows that there is a step-like pro- 
gression of irreversible determination of organ primordia. It remains 
to be ascertained whether there is also a parallel progressive loss of 
potentialities of development by the individual cells composing the 
organ. For example, a group of cells becomes irrevocably determined 
as a kidney at a certain stage of development. Is it possible after this 
time to change the renal cells into elements of another type? After 
certain stages of development there is little evidence of interchange- 
ability between the major tissue groups (nerve, epithelium, skeletal 
and cardiac muscle, and connective substance). 

One of the great accomplishments of experimental embryology has 
been the demonstration that the fate of a cell is often the realization 
of only one of its potencies. According to the definitions given above 
of differentiation, modulation, etc., we may say that in tissue culture 
most types of cells tend to lose their actual functions and assume the 
appearance of fibroblast-like cells or indifferent epithelial cells. It is 
quite possible that new methods in tissue culture will enable us to 
determine whether these changes are dedifferentiations or modulations, 









































CELLULAR DIFFERENTIATION AND TISSUE CULTURE 613 


‘and the nature of the stimuli capable of causing them to turn to their 
original or a different condition. 

Tissue culture, perhaps even more than the other phases of experi- 
mental embryology, has brought us to the conclusion that we cannot 
think of cellular differentiation, dedifferentiation and redifferentiation 
solely on the basis of the structure (and function) of the cells being 
investigated. At each stage we must complement the actual picture 
of a cell with a testing of its potencies for further development. It is 
only by knowing whether a cell has or has not these potencies that we 
can say whether its level of specialization is permanent or temporary, 
reversible or irreversible. The work of the future will probably show 
that many apparently true differentiations of today are modulations. 
It is possible that perhaps even the highly specialized cells, as neurons, 
in the adult mammalian body, have great potencies of development. 
If this is found to be true, it may not be necessary to discriminate be- 
tween cellular modulation and differentiation. For the present, how- 
ever, this distinction should be of aid in understanding some of the 
changes which cells undergo in vitro. 
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The earliest references to a constipating effect of opium are lost in 
the obscurity of medieval medical history while a constipating effect 
of morphine was recorded almost as soon as the alkaloid was isolated. 
The isolation was effected by Sertiirner in 1803 and in 1823 Legras 
used a morphine syrup to cure diarrhea which had lasted for many 
months. The constipating effect of morphine has led to many and 
extensive investigations and has produced a more abundant literature 
than any of the other morphine sequentia, save perhaps addiction. 
It is the purpose of this review to present a general resumé of this 
literature and to indicate some possible lines of future investigation. 
Because of the restrictions of space it will be concerned primarily with 
the effects of single doses. Historical continuity and completeness 
will not be attempted. Tolerance and addiction phenomena will not 
be discussed and the so-called conditioned salivary reflex, the emetic 
effect, the effects of combinations of drugs and the general problem of 
the comparison of morphine, opium, heroin, dilaudid and related sub- 
stances will also be excluded. The review will take up such effects as 
may modify the digestive processes and lead to constipation. These 
can be discussed under three general headings: 1, motility effects; 
2, effects on secretion; and 3, effects on absorption. A summarizing 
section will be added under the heading of constipation. 

Because the describable differences in the processes of digestion are 
so variable from species to species and because the data on the dog are 
the most satisfactory and abundant, this animal will be used as a 
basis of discussion, but additional information on the cat, rabbit and 


1 The work reported in this paper is part of a unification of effort by a number 
of agencies having responsibility for the solution of the problem of drug addic- 
tion. The organizations taking part are the Rockefeller Foundation, the Na- 
tional Research Council, the United States Public Health Service, the United 
States Bureau of Narcotics, the University of Virginia and the University of 
Michigan. 
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‘man will be noted. Data on other species are limited, unimportant 
or lacking and offer a fruitful field for future investigation. 

Moti.ity eFFects. Three general types of experimentation have 
been used to obtain information regarding motility effects on the 
stomach and intestines: x-ray experiments, digestion experiments 
involving chemical analyses of the gastro-intestinal contents, and 
records of activity from a balloon, bolus or enterograph. Although 
there is no real dividing line the development of the manuscript will 
proceed more easily if we arbitrarily consider two types of methodol- 
ogy: those experiments which are primarily descriptive of the entire 
digestive process and those that are more concerned with a quantita- 
tive evaluation and analysis of the phenomena noted with the descrip- 
tive methods. 

Descriptive studies. 1. X-ray experiments. Magnus (1908a) studied 
the effects of 6 mgm. per kgm. of morphine on digestion in the dog, 
using the x-ray technique of Cannon. In control experiments food 
entered the fundus and the pyloric portion of the stomach almost at 
once and regular peristalsis was present in the latter. Food was noted 
in the duodenum in 15 minutes and in 2.5 hours gastric digestion was 
completed. The maximum filling of the small intestine was reached 
in 2 hours. Shortly afterwards the food was found in the colon and 
at the end of six hours the small intestine was empty. 

After morphine the food remained for a long time in the fundus of 
the stomach, reaching the pyloric portion of this organ only after seven 
to eight hours. Then peristaltic waves developed and one hour later 
food was found in the upper small intestine. Further emptying of 
the stomach was slow so that final clearance was not reached until 
fourteen to fifteen hours after the meal. The small intestine was not 
completely empty until approximately eighteen hours after feeding. 

In a dog with a duodenal fistula food normally began to leave the 
stomach five to fifteen minutes after eating, and gastric clearance was 
complete in two and one-half hours. Portions of food left the pylorus 
regularly every ten to twenty seconds. They were viscous and con- 
tained solid particles. If food was given to this dog after an injection 
of morphine, only a few drops of an alkaline fluid were obtained from 
the fistula during three hours. Then auscultation indicated pyloric 
peristalsis. Acid droplets appeared about five hours after the meal 
and a little later portions of the stomach contents were ejected every 
two to three minutes. They were very fluid and did not contain any 
solid material, indicating that food was leaving the stomach in an 
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advanced state of digestion. Thus the stomach, after morphine, takes 
over part of the labor of the intestine and in this manner may protect 
the intestine under pathological conditions. 

Stierlin and Schapiro (1912) sectioned the intestine about midway 
between the pyloric and ileocecal sphincters. The upper end was 
anastomosed into the cecum and the lower end was sewed into the 
abdominal wall with an exterior opening. Thus it was possible to 
obtain some separation of the effects of morphine on the various por- 
tions of the digestive tract. When a bismuth mixture was introduced 
via the fistula morphine caused a delay in passage through the small 
intestine. No effect on the large intestine could be established. How- 
ever, if the animal was fed by mouth during the experiment, passage 
of the bismuth mixture, introduced via the fistula, through the small 
intestine was more rapid after morphine than normally. The loops 
of the small intestine were maximally contracted, the large intestine 
showed few incisura and passage through it was slowed by morphine 
(Schapiro, 1913). 

Harned and Curl (1936) found that, if the stomach was permitted 
to empty partially before the injection of morphine, there was an 
acceleration of the rate of passage of barium to the rectal ampulla. 
There was no apparent delay at the ileocecal junction. 

Similar effects were found by Magnus (1908a) and by Schwenter 
(1912) on the cat. The following items might be added. After mor- 
phine a small amount of food was sometimes held at the cardia for as 
long as 30 minutes although in normal cats delay at the cardia never 
exceeded one minute. In the morphinized cat there was a major 
accumulation of gas in the gastric fundus, while under normal condi- 
tions large quantities did not accumulate, since at a definite pressure 
the cardia opened reflexly and allowed the gas to escape. Hence mor- 
phine interfered with passage through the cardia in either direction. 

If the morphine was given after the greater part of the food had left 
the stomach (two hours after the meal), further emptying of the stom- 
ach was delayed, and a study could be made of the fate of that material 
which had entered the small intestine. In one-half of the cats the 
movement of this material toward the colon was delayed for two to 
three hours. In others the morphine caused no change from the 
normal, a state being reached where food was present in the stomach 
and colon but not in the small intestine. If an intestinal delay plays 
a part in the constipating effect its rdle is much less prominent than 
that of the gastric component. 
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Magnus held that the ileocolic sphincter could not be the factor 
responsible for the intestinal component of constipation because no 
abnormal accumulation of chyme at the sphincter could be detected. 
Magnus further noted that soap enemas were eliminated with equal 
rapidity in normal and morphinized animals, and hence thought that 
morphine had little effect on the large intestine. However, Schwenter 
found that in control experiments the large intestine displayed deep 
segmenting peristaltic contractions which separated the contents into 
several portions, while in the morphine experiments the peristaltic 
waves were very superficial and occurred only during the first part of 
the filling of the large intestine. Later there was no indication of 
definite incisive ring-forming contractions; the large intestine seemed 
relaxed and distended. Schwenter differed from the conclusion of 
Magnus that in normal animals the antiperistaltic movements of the 
proximal large intestine and the peristaltic movements of the colon 
were not influenced by morphine; he believed that morphine relaxed 
both the small and the large intestine. 

Magnus (1906) noted that 40 to 50 mgm. of morphine subcutaneously 
administered to cats on a milk diet caused constipation lasting about 
twenty hours. Further, morphine produced a similar effect in the cat 
nine to twenty-two days after denervation of the intestine. Magnus 
(1908b) added that the diarrhea produced by 20 cc. of a 10 per cent 
senna infusion per 9s was not prevented by morphine. Perhaps the 
evacuation of feces was slightly delayed. This result was to be ex- 
pected on the basis of the lack of effect of morphine on the large intes- 
tine previously reported. Similarly the diarrhea caused by castor oil 
given with a meal of potato gruel and bismuth subnitrate could not be 
prevented by morphine (30 to 40 mgm.). Padtberg (1911) found that 
morphine prevented the diarrhea due to magnesium sulfate in the cat, 
if given at a time when its effects on the sphincter antri pylorici and 
the pyloric sphincter prevented the entrance of magnesium sulfate 
into the intestine, but not if given after magnesium sulfate had reached 
the intestine. Colocynth diarrhea was depressed by morphine whether 
given when the colocynth was in the stomach or in the intestine: In 
the latter case the animals died although colocynth alone or the mor- 
phine alone was not fatal. The general toxic picture was probably 
related to the greater absorption of colocynth due to a prolonged con- 
tact with the intestinal wall. 

A delay in stomach evacuation in man has been noted by von den 
Velden (1910), Arnsperger (1910), Dietlin (1911), Stierlin and Schapiro 
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(1912), Pancoast and Hopkins (1915), and others. Von den Velden 
found that with 5 mgm. of morphine peristalsis in the pyloric region 
of the stomach was increased and that emptying time was not affected 
or was decreased. Ten milligrams caused a constriction of the sphincter 
antri pylorici, along with marked peristalsis and antiperistalsis, in- 
creased gastric tonus and increased emptying time. Arnsperger added 
that if morphine (10 to 20 mgm.) was not given until the stomach was 
empty, clearance of the small intestine was delayed by morphine. No 
effect was found upon the large intestine except an initial diarrhea. 
Stierlin and Schapiro had available subjects from a surgery clinic, 
among them three with fistulae of the small intestine and two with 
cecal fistulae. Experiments were controlled with roentgenograms. In 
general 15 mgm. of morphine caused an increase in gastric emptying time 
of youthful individuals. In adults this effect was less marked and 
less regular. A delay in the intestine could be established in more 
than half of the experiments. Contrast material remained in the lower 
intestinal loops much longer than in the upper loops, suggesting a con- 
traction of the ileocecal sphincter. No «ffect on the motility of the 
large intestine was noted. In chronic enteritis opium delayed passage 
through the small intestine. There was no effect on the colon up to 
the sigmoid flexure, but the flexure was filled for a much longer time. 
The effects on the stomach and small intestine were not sufficient to 
explain morphine constipation. Possibly there was an effect on the 
defecation reflex. 

The data furnished by Zehbe (1913) are interesting even though he 
resorted to the use of twenty drops of a 1 per cent solution of morphine: 





























NORMAL a 
hours hours 
1. First appearance of bismuth in small intestine. .... 0.42 1.46 
2. Stomach completely empty........................ 4.6 5.5 
3. Time food remained in small intestine............. 6.5 8.0 
4. First appearance of food in large intestine......... 3.3 4.2 
5. Time food remained in large intestine. . 22.5 31.7 
6. Time food remained in cecum and ascending colon: 17.3 23.1 
7. Time from emptying of proximal colon to bowel 
a i eld aevale otld su pled és-0 bn obese’ «sues 5.2 11.7 
8. Time from administration of food until bowel clear- 
EE ee 25.5 38.6 
9. Average number of stools.......................... 1.4 2.3 



































MORPHINE AND DIGESTION 623 


In general, morphine caused a marked delay in the elimination of the 
bismuth meal. The large intestine was most involved, then the stom- 
ach, and the small intestine the least. In another series of experiments 
morphine was given after all the bismuth had left the small intestine; 
final passage of the bismuth was much delayed. 

Pancoast and Hopkins (1915) stated that in the small intestine mor- 
phine decreased motility almost uniformly, apparently as a result of a 
lack of propulsion and not of spasm. When marked, the decrease in 
motility was most noticeable in the upper small bowel. The effect on 
the large bowel was very variable and probably of little consequence. 

2. Digestion experiments. In 1909 the first of an important series 
of articles from the laboratory of Zunz was published. Fasted dogs 
were given morphine subcutaneously, and twenty minutes later a known 
quantity of food (boiled or raw meat) was given and fed forcibly if 
necessary. The animals were killed at intervals of one hour, the ab- 
domen incised and clamps placed so that the contents of the cardiac 
portion of the stomach, the pyloric antrum, and the small intestine 
could be kept separate and collected. The food not attacked by di- 
gestive juices, the heat coagulable material, acid albumin, proteoses 
precipitated a, by addition of an equal volume of saturated acidified 
zine sulfate, and b, by complete saturation with zinc sulfate, peptones 
and the non-precipitated nitrogenous material were analyzed for their 
nitrogen content. 

After 6 mgm. per kgm. of morphine several hours elapsed subsequent 
to the ingestion of boiled meat before the stomach contents passed 
from the fundus into the pyloric antrum although without morphine 
food entered the antrum at once. Evacuation of the stomach did not 
begin until the sixth hour while normally only 15 minutes were required 
before some of the contents had appeared in the duodenum. Complete 
evacuation of the stomach required almost twenty-four hours instead 
of the normal eight hours. Protein digestion in the stomach several 
hours after morphine was more advanced than under normal conditions. 
Zunz considered that this was partly due to the prolonged sojourn of 
food in the stomach and to an increased flow of gastric juice after 
morphine. In the morphinized dog the stomach played the greater 
role in protein digestion while in the normal dog the greater part of 
protein disintegration took place in the intestine. Because nitrogen 
disappeared from the stomach before any evidence of gastric evacua- 
tion could be found, Zunz raised the question of nitrogen absorption 
from the stomach after morphine. While protein digestion in the stom- 
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ach was more advanced and food left the stomach more slowly in 
morphinized dogs, protein disintegration in the intestine was less ad- 
vanced in the morphinized than in the normal dog, indicating that 
morphine decreased the rate of protein digestion in the intestine. 

Cohnheim and Modrakowski (1911) investigated the general prob- 
ler using a dog with two Y-fistulae, one at the level of the duodenum 
and one just above the cecum. Ten milligrams of morphine (about 
0.35 mgm. per kgm.), or pantopon or opium containing 10 mgm. of 
morphine, were given with the food. The gastric emptying time was 
not changed. However there was a marked decrease in gastric secre- 
tion with the result that food left the stomach in a less digested con- 
dition and the material entering the intestine contained a greater pro- 
portion and a greater quantity of solid particles than without the drug; 
likewise, the fluid content of the chyme on entering the intestine was 
much less. (The difference from Magnus and Zunz is probably to be 
explained on the basis of dose and route of administration.) The ma- 
terial leaving the stomach was collected from the duodenal fistula and 
reinserted through this opening. In normal experiments this proce- 
dure offered no difficulty but after large doses of morphine there was a 
considerable back flow from time to time, raising the level of fluid in 
the inflow burette from 20 cm. to 30 cm. Out of 100 cc. there was a 
return of 80 cc. However, passage of food through the small intestine 
did not appear to be delayed. 

Analysis of motility effects. 1. Esophagus. Meltzer in 1898 com- 
pared the effects of morphine and ether on deglutition in tracheoto- 
mized dogs with the esophagus exposed. After 60 mgm. of morphine 
subcutaneously water poured into the mouth, assisted by pressure in 
the mylohyoid region, caused deglutition with a peristaltic wave pass- 
ing down the esophagus. If the esophagus was ligated, peristaltic 
movements initiated above the ligature did not pass below the ligature. 
The mere introduction or presence of an olive-shaped body in the 
esophageal lumen of the morphinized animal did not cause peristalsis. 
If a longitudinal slit was provided through which liquid could escape, 
peristalsis intiated by water in the mouth traveled down the esophagus 
to the slit but not beyond. But with a moderate degree of ether 
anesthesia the center for deglutition was not materially modified in 
its function, and the successive contractions of the different parts of 
the esophagus were initiated by the primary afferent impulse which 
started the act of deglutition. Even an “empty” deglutition was fol- 
lowed by a peristaltic wave, and the peristalsis continued its course 
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‘even into the part below the division of the esophagus. Further 


analysis of the effect of morphine on the esophagus awaits further 
investigation. 

2. Stomach. Plant and his co-workers were the first to provide a 
detailed analysis of some of the component effects involved in the 
phenomena so far discussed. In 1928 Plant and Miller reported the 
results of their experiments on dogs with permanent bottle-neck gastric 
fistulae, recording the gastric movements from a balloon connected 
with a Brodie bellows. Their tracings showed three types of activity, 
which were interpreted as peristaltic waves, rhythmic waves and alter- 
ations in tone. Morphine sulfate was injected subcutaneously in 
doses of 0.02 to 16 mgm. per kgm. Small doses, 0.05 mgm. per kgm. 
or less, sometimes gave no reaction, sometimes a slight decrease in tone. 
Five-tenths to 1.0 mgm. per kgm. gave a decrease in tone, diminution 
in amplitude and frequency of large contractions, and an increase in 
frequency of small waves. The larger the dose the greater the dura- 
tion of the effect. With 5 mgm. per kgm. more than eighteen hours 
elapsed before the return to normal. The contractions recovered more 
rapidly than the tone. The observations were confirmed by fluoro- 
scopic visualization. Similar results were obtained on the cat. 

An additional item of interest occurs in an earlier paper by Miiller 
and Saxl (1910). They found the capacity of the stomach in normal 
dogs with gastric fistulae at 8 cm. water pressure to be 190 to 210 cc. 
and to increase to 600 cc. after morphine. Future workers should 
amplify this statement and the statement of Plant and Miller regarding 
tone by a study of the tension-length or pressure-volume relations that 
exist in the stomach before and at various intervals after the adminis- 
tration of morphine. 

3. Pyloric sphincter. Hirsch (1901), Magnus (1908a), Schwenter 
(1912), and others had concluded that a closure or increase in tone of 
the pyloric sphincter was necessary to explain their results. Thomas 
(1929) and Schroeder (1933) offered direct evidence in favor of such 
an assumption. In 1936 Gruber, Thomas, Crider and Brundage noted 
that morphine caused a temporary spastic contraction and a prolonged 
increase in the general tonus of the pyloric sphincter. The degree of 
change was dependent upon the quantity of drug administered. The 
amplitude of the contractions of the pyloric sphincter was always in- 
creased and their rhythm became more even and somewhat accelerated. 

In 1904 Baas noted that the absorption of KI, administered by mouth 
to man, the rabbit, or the dog, was delayed one to five hours by mor- 
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phine administered subcutaneously. This was attributed to a closure 
of the pylorus, preventing the entry into and the absorption of KI 
from the intestine. 

4. Small intestine. Dog. Pal (1900), using animals under curare 
with artificial ventilation, was the first to record an increase in intes- 
tinal tone after morphine. Morphine also caused an increase in the 
amplitude of the pendulum movements, the minimal effective dose 
being 0.3 mgm. per kgm. The author interpreted these results as 
applicable to a filled intestine because he obtained similar results from 
an intestine filled with saline. 

In 1926 Plant and Miller published the results of their researches 
which clarified the effect of morphine on the activity of the small in- 
testine. Since then many workers have repeated and confirmed their 
essential observations. Using a balloon inserted into a Thiry-Vella 
loop of the ileum and connected with a Brodie bellows for purposes of 
recording the intestinal movements, Plant and Miller found that the 
primary effect of morphine given subcutaneously or intramuscularly 
was an increase in muscular tone, an increase in frequency and ampli- 
tude of peristaltic waves, an increase in the amplitude but a decrease 
or no change in the frequency of the rhythmic contractions. After a 
time the frequency of peristaltic waves was decreased while the tone 
was still increased. Fairly complete degeneration of the extrinsic 
nerves of che intestine exaggerated the usual morphine reaction. The 
dose range studied was from 0.1 to 5 mgm. per kgm., the latter dose 
causing an effect of more than twelve hours’ duration. 

Orr (1933) found that in dogs with a simple obstruction of the bowel 
—established by severing the gut and inverting the ends before re- 
establishing continuity—the obstructed portion or other regions of the 
small intestine gave responses to morphine similar to those obtained 
in normal dogs. 

Plant and Miller (1926) gave the minimal effective dose for an in- 
crease in tone as about 0.1 mgm. per kgm. subcutaneously, and Gruber 
and Brundage (1935) gave the minimal effective dose as 0.002 mgm. 
per kgm. intravenously for the jejunum and 0.005 mgm. per kgm. for 
the ileum. 

Krueger, Howes and Gay (1935), working with much smaller 
subcutaneous doses than previous authors, reported that the lowest 
dose of morphine causing a recognizable effect (about 0.01 mgm. per 
kgm. subcutaneously) produced a fall in tone, a decrease in the ampli- 
tude of the rhythmic contractions and a decrease in the work performed 
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upon the recording system; but that with higher doses (about 0.05 
mgm. per kgm. and upward) the rise in tone and increase in amplitude 
of the contractions described by other authors was obtained. 

In 1935 Gruber and Brundage noted with reference to dilaudid that, 
if the pressure of water within the balloon was increased from 15 to 
30 cm. of water, the duration of the change in action in the gut was 
much curtailed. Presumably a similar relation held for morphine. 

a. Tone. While the statements regarding the effect of morphine on 
intestinal tone are consistent, an examination of the methods used by 
various authors indicates that some were recording at constant pres- 
sures and that others were recording at varying pressures. In the 
former case activity observed under constant pressures cannot be con- 
sidered as isotonic where there were marked changes in the volume of 
the lumen, that is, in those cases where a so-called marked increase in 
tone developed. In the latter case water or bromoform manometers 
were usually employed so that the volume or cross-section of the in- 
testinal lumen varied rapidly and in an inverse direction to the pres- 
sure being recorded. The effect of morphine in both cases is described 
as an increase in tone although there may have been a very marked fall 
in the tension developed by the circular band of muscles, since tension 
is a function of the product of pressure x radius. In other words, the 
use of the word tone leads one to “‘d’envisager comme simples des faits 
extremement compliques” (Pareto). 

More specifically the difficulty involved is a failure in the majority 
of papers to define tone explicitly enough in physical units to indicate 
that the same property was or was not being considered by different 
authors. With this point of view in mind Krueger (1934), recording the 
activity of the intestine with the musculature maintained at a relatively 
constant length, found that the minimum tension and the average 
tension exerted by the intestinal musculature were much higher after 
morphine than before the injection of the drug. 

Thus a summary of the literature would indicate that following mor- 
phine the musculature shortens under isobaric or develops increased 
tension under isometric conditions. Krueger and Sumwalt (1936) 
have amplified this concept into the statement that morphine causes 
a shift in the tension-length (of the intestinal musculature) or pressure- 
volume (per unit length of the lumen) curves, such that after morphine 
a given tension corresponds to a shorter length of fiber. The data of 
Krueger and Sumwalt are incomplete in that they have studied only 
the effects of 0.5 mgm. per kgm. of morphine subcutaneously and only 
for the 100-minute period following the administration of the morphine. 
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Somewhat similar studies had previously been made by Straub and 
Ozaki (1933) on the guinea pig. The animals were placed under ureth- 
ane, a loop of the intestine tied off, cannulated, and interconnected via 
a T-tube with a syringe containing water and a water manometer, the 
latter being used to record intestinal movements. By displacing water 
from the syringe the intestine was distended and the pressure developed 
was plotted against the distending volume of water. Morphine always 
caused a decrease in tone, that is, a lowering of the pressure-volume 
curve (pressure being plotted on the ordinates and volume on the ab- 
scissae) of both the small and large intestine. The pressure at which 
peristaltic movements developed was not changed by morphine but 
remained around 8 to 9 cm. of water for the ileum and 5 to 6 em. for 
the large intestine. (Apparently all the movements recorded were 
considered to be peristaltic and no, attempt was made to study their 
frequency.) Peristalsis was not i tiected by morphine. Sometimes 
peristalsis would cease but this w:’; due to the drop in tone. If the 
distending pressure was increased, }‘yristalsis set in at the usual pressure 
level. The minimal effective dose’ for the fall in tone was 0.1 mgm. 
per kgm., subcutaneously. The f;'ll in tone was obtained with doses 
as high as 50 mgm. per kgm. ; 

b. Frequency of contractions. Iniche interpretation of the effect of 
single injections of morphine on inte.'tinal activity of the dog as recorded 
by the balloon method the only serious difference of opinion is with 
reference to rhythmic frequency. Gruber and Brundage (1935) re- 
ported that the effects of morphine on the frequency of rhythmic con- 
tractions were so variable that no conclusion could be drawn, while 
Plant and Miller (1926), Krueger, Howes and Gay (1935), Oecettel 
(1935), and others reported a decrease. In 1936 Krueger and Sumwalt 
made a very extensive investigation of the effect of morphine on rhyth- 
mic activity recorded at various pressures. The dose of morphine 
used was 0.5 mgm. per kgm.; the pressures considered were 5, 10,15... 
85 cm. of water. At all of these pressures morphine caused an increase 
in the average period per contraction. The average period was de- 
termined from measurements of the duration of thirty to eighty con- 
secutive contractions recorded on a kymograph moving approximately 
1 cm. per second. 

The only possible common ground would seem to be that Gruber and 
his co-workers have based their statements on the range of frequencies 
found in the normal and morphinized animals while the other workers 
were concerned with average values. If Gruber and his co-workers 
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mean only that as low or as high values for rhythmic frequency can be 
found under both conditions, there is probably no real disagreement 
for no one is in a position to deny such a statement. The position of 
the others would only be that periods of low frequency recur more often 
or last longer in the morphinized than in the non-morphinized animal; 
that is, if we may use approximate figures, frequencies less than 12 per 
minute occur less than 15 per cent of the time in normal animals but 
after 1 mgm. per kgm. of morphine the frequency is less than 12 per 
minute 85 per cent of the time. 

While most authors do not make the specific statement, their meth- 
ods of experimentation together with published records indicate that 
the external work performed upon the recording systems is increased 
after the larger doses of morphine. 

c. Peristalsis. Opinion has been divided upon the effect of mor- 
phine on persitalsis of the small intestine. Gottlieb (1910) used 
a dog with a Wellar fistula (this may possibly have been a misprint 
for Vella). About 45 cm. of small intestine were isolated and the 
ends were allowed to heal into the abdominal wall. A piece of cork 
on a thread passed through the segment in 35 minutes but after mor- 
phine two hours were needed. Similar results were obtained by v. 
Benczur (1910). One of his animals had a normal Thiry-Vella loop and 
another a denervated Thiry-Vella loop. A sphere with a knotted 
thread was inserted into the loop and the rate of movement noted. As 
the activity of the intestine was insufficient to force the sphere out 
through the other opening it was pulled back by means of the thread. 
Similar effects after morphine were obtained in both animals. There 
was usually a brief period of increased rate of movement with 2 to 60 
mgm. (0.2 to 6 mgm. per kgm.) followed by a prolonged standstill of 
the sphere with larger doses. With the larger doses a period of de- 
creased peristalsis usually developed 90 minutes after the injection. 
There was difficulty in retraction which increased with the dose. By 
replacing the sphere with a smaller one it was possible to observe a rate 
of movement of the smaller sphere greater than normal during the 
period when the larger sphere remained stationary. Hence the author 
concluded that morphine caused a contracture of the intestine and also, 
insofar as the contracture did not impede or prevent, an increased 
forward movement of the intestinal contents. 

The fact that both dogs responded similarly to morphine indicated 
that the effect of morphine was primarily upon the intestinal wall. 
However, v. Benczur felt that a central element was effective in the 
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normal animal after morphine, since the rate of movement in the 
normal loop was only doubled by morphine, while in the denervated 
loop it was sometimes quadrupled, reaching 20 to 30 cm. per minute. 

Nearly all of the authors using the ballooon method have made 
statements regarding peristalsis. However, in 1933 Krueger, Lampe 
and Reid found that the majority of workers, including themselves, 
either had been misinterpreting their records of intestinal motility, or 
had been using the term peristalsis to embrace types of activity which 
Bayliss and Starling (1899) had not included in their original definition. 
Double and triple balloon experiments coupled with fluoroscopic visual- 
ization and x-ray films have shown that one type of wave, designated 
a P-wave, on kymographic records of intestinal motility was caused by 


peristalsis, and that most of the other waves on the kymographic record 


were due to localized activity. The number of P-waves obtained dur- 
ing the first 100 minutes after morphine increased with increasing dos- 
age, reached a maximum at about 2 mgm. per kgm., and then became 
less and approached zero as the dose was further increased. 

The most satisfactory contribution to the subject of the effect of 
morphine on the peristalsis of the small intestine has been made by 
Quigley, Highstone and Ivy (1934). They made determinations of the 
interval required for the passage of a bolus through a Thiry-Vella loop, 
the bolus being immediately reinsertd and its propulsive rate redeter- 
mined. Following the administrati: n of 0.25 mgm. per kgm. of mor- 
phine sulfate in four experiments, 0.;, mgm. per kgm. in twenty experi- 
ments, and 1.5 mgm. per kgm. in two experiments, propulsive activity 
of the ileum was increased 30 to 70 per cent and was succeeded by a 
secondary rapidly developing decrease which lasted four to five hours. 
The period of augmented propulsion persisted practically unchanged 
for an interval of approximately 90 sinutes with the small dose, 40 to 
60 minutes with the 0.5 mgm. dose, ¢:1d 10 minutes with the large dose. 

On comparing the effect of 0.5 mgm. on loops of the jejunum and 
ileum a similar augmentation of proy ulsion was noted, but in the ileum 
it was slower in onset and was less pronounced. The period of inhibi- 
tion was distinctly earlier in onset in the ileum, and more rapid in 
development, but the same magnitude of slowing was ultimately at- 
tained. Since tone was augmented during both the intervals of rapid 
and reduced propulsion, high tone does not appear to be the only factor 
involved in the stagnation. 

The bolus method showed an abrupt and pronounced decrease in 
propulsive activity beginning 30 minutes after the injection, at a time 
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" when balloon records indicated augmented peristaltic activity. Thus 


it is evident that the tracings obtained by the balloon method cannot 
be directly translated into terms of propulsive efficiency. The period 
of reduced propulsive activity, which is really the outstanding effect 
of morphine, must play an important réle in the constipating action 
of this drug. 

5. Small intestine. Rabbit. During the period from 1880 to 1905 
much of the work on the gastro-intestinal effect of morphine was 
concerned primarily with intestinal irritability and most of the experi- 
ments were carried out on rabbits, usually only: direct visual inspection 
of the exposed intestine being employed. (For bibliography and more 
detailed accounts see Magnus, 1903, 1908c; Lang, 1914; Starkenstein, 
1924; and Trendelenburg, 1927.) There is general agreement among 
the workers of this period that morphine in sufficient dosage decreased 
the spontaneous activity of the rabbit’s intestine. Katsch in 1913 
verified this finding in rabbits with an abdominal window. But with 
regard to the irritability of the intestine, usually studied by means of 
the response of the intestine to touching the serosa with a crystal of 
NaCl, there was much apparent disagreement. All the workers, ex- 
cept Jacobj (1892) and v. Vamossy (1897), whose studies involved only 
a very narrow dose range, found an increase in the intestinal response 
to NaCl after the administration of large doses of morphine (50 to 60 
mgm., total doses, subcutaneously). The main discrepancies lay in 
the effect of small doses of morphine in the range from 10 to 30 mgm. 
Nothnagel (1882), Bokai (1887), and Spitzer (1891) obtained a de- 
crease while v. Vamossy, Pohl (1894) and Magnus (1906) were unable 
to find this decrease. The only author to furnish any quantitative 
data was v. Vamossy. He gave the distance of the intestine invol -ed 
in the response to NaCl as 1 cm. in the normal rabbit, and as 5 to 6 
em. in the adrenalectomized rabbit after approximately 50 mgm. of 
morphine. As further quantitative data are lacking it is impossible 
to decide but it seems very likely that the individual differences among 
the authors as to what constituted an effect explain the presence of 
the discrepancies. If there is a decrease it is probably not very marked 
and it would take a large number of experiments to bring out the fact 
that the average length of the intestine visibly involved in the response 
to NaCl is less after small doses of morphine. 

It might also be added that there seems to be general agreement 
that after adrenalectomy or cutting the splanchnic innervation mor- 
phine increased the intestinal response to NaCl; but as regards spon- 
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taneous intestinal movements after adrenalectomy, v. VAmossy found 
that 20 mgm. of morphine intravenously caused a decrease, while 
Hayama (1928) found an increase with 5 to 10 mgm. of morphine. 
This discrepancy may be only a question of dose. The evidence seems 
to favor the theory that morphine caused a central sympathetic stimu- 
lation which, acting through the adrenals, made the intestine less re- 
sponsive to NaCl stimulation. The rédle of the vagus needs further 
investigation. 

This general résumé regarding the rabbit’s intestine has been given 
because in it lies the basis for the assumption commonly made that 
morphine depresses the intestine in man. There is little confusion 
in the experimental findings if they are analyzed in sufficient detail. 
The confusion arises from the logical and illogical applications, deduc- 
tions and transfer of experimental findings from one animal to another. 

From the foregoing it would seem that the effects of morphine on 
the dog and rabbit intestine are quite different. However, the drawing 
of such a conclusion should be delayed because the experiments on the 
dog and on the rabbit cannot be considered directiy comparable, at 
least in that for the rabbit one has visual observation of the activity 
from the serosal side while for the dog one has recorded activity from 
the mucosal side. Until data are available for the rabbit and dog with 
comparable conditions and methods the question must remain un- 
answered. X-ray studies or balloon records under urethane might 
prove satisfactory. 

6. Small intestine. Man. In 1926 Ganter presented a preliminary 
report of studies on certain smooth muscle organs in man. After 
morphine the irritability of the small intestine decreased, in that a 
greater tension was necessary to induce a contraction, and intestinal 
tonus increased. ‘The tonus increase occurred in the presence of atro- 
pine, indicating the smooth muscle as the point of attack. 

Plant and Miller (1926) reported that small therapeutic doses of 
morphine in man caused an increase in tone and an increase in the 
frequency of contractions. They indicated that the effects in man 
and the dog were sufficiently similar to allow the direct transfer of con- 
clusions. Carlson (1933) also noted an increase in tone and in the am- 
plitude of intestinal movements as recorded by the balloon method. 

In 1936 Yonkmann, Hiebert and Singh found that 8 or 15 mgm. of 
morphine intramuscularly produced a marked increase in tone and in 
the frequency and amplitude both of peristalsis and rhythmic contrac- 
tions. Yonkmann felt that morphine should be used in suspected peri- 
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tonitis to prevent excessive distention. Where there is probability 
that a weakened intestine will perforate, increased tone under morphine 
might be advantageous, since distention, a factor favoring perforation 
mechanically, would be obviated. Krueger (1934), however, after 
noting the increase in pressure exerted by the intestinal muscle of the 
dog after the injection of morphine, suggested that it should be deter- 
mined whether such high pressures develop in the intestinal lumen of 
man after the use of morphine, and whether or not these pressures, if 
occurring, would be deleterious for cases involving weakened or dis- 
tended portions of the gastro-intestinal tract. 

7. Large intestine and rectum. Plant and Miller (1928) observed 
that the most pronounced and lasting effect of morphine on the colon 
was an increase in tone. The increase in tone lasted longer with moder- 
ate doses (0.25 to 1 mgm.) than with larger amounts. With moderate 
amounts the increase in tone persisted for many hours after all evidences 
of narcosis had disappeared, and was greater in degree and lasted 
longer than the corresponding change in the ileum. With small doses 
(0.01 to 0.1 mgm. per kgm.) the increase in tone was similar in kind but 
less in degree and duration. Peristaltic activity was increased in that 
the usual periods of quiet were eliminated. The time occupied by an 
individual wave was not materially changed. The amplitude of peri- 
staltic contractions varied inversely with the increase in tone. When 
the dose produced a spastic contraction the peristaltic waves disap- 
peared but returned as soon as the tone relaxed, and occasionally ex- 
ceeded in height those of the control period. The small rhythmic waves 
were apparently not affected by morphine. 

In 1932 Barcroft and Steggerda made use of the exteriorized colon. 
In three dogs a 12 cm. length of cecum plus colon was sutured to the 
skin through an opening in the abdominal wall. Subsequent to post- 
operative recovery this preparation gave a series of movements, con- 
sisting of cecal contractions, followed by anti-peristaltic waves, and then 
a type of kneading contractions in the colon. This series usually re- 
curred at intervals of about 30 minutes. After 25 mgm. of morphine the 
cecum and the ileocecal region were the only portions of the gut to 
show any movement, and even these movements were very slight and 
occurred only occasionally. Very rarely a slight kneading movement 
appeared in the colon. Late in the day the colon became very dis- 
tended. Inno case was there any sign of anti-peristalsis or progressive 
movement. Apparently morphine decreases the intensity and fre- 
quency of movements in the exteriorized cecum and colon. 
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Schroeder (1933) found a contraction of the ileo-cecal sphincter after 
morphine. 

8. Anal sphincters. In three cats Koppanyi and Murphy (1933) 
showed that doses of morphine varying from 3 to 10 mgm. per kgm. 
of body weight administered intravenously produced marked and sus- 
tained contractions of both sphincters of the anus. The animals were 
under moderate ether anesthesia, the trachea clamped, and thus 
asphyxia was produced with simultaneous relaxation of the anal sphinc- 
ters. Without morphine this relaxation was maintained for some 
time after the animals were again allowed to breathe. But if the ani- 
mals had received morphine previously, relaxation of the sphincters 
during and after asphyxia was evanescent or did not occur at all. 

Mechanism of intestinal effect. A fair amount of work has been done 
with reference to the mechanism of the gastro-intestinal effects of 
morphine. A great deal of confusion has arisen from this work because 
of the tacit assumption that morphine had only one effect on the gastro- 
intestinal tract, or that the same mechanism was involved in all the 
effects. 

From the results with atropine and with the denervated intestine 
(denervated Thiry-Vella loop) Plant and Miller (1926) considered that 
the point of action of morphine was in the intestinal wall itself, either 
the motor cells of Auerbach’s plexus or the muscle. Previously Magnus 
(1908a) had suggested Auerbach’s plexus as the point of attack because 
morphine stimulated ordinary excised intestinal strips but did not 
stimulate plexus-free intestinal preparations. 

Among other mechanisms that have been suggested is the one in- 
volving the adrenals. While decreased irritability might be explained 
by a liberation of epinephrine, an increased amplitude of the contrac- 
tions of the small intestine cannot. However, since a great deal of 
evidence has been accumulated by investigators studying the effects 
of morphine on sugar metabolism, that morphine causes a liberation 
of ephinephrine, it would be worth while to detail the effects of ep- 
inephrine on the frequency and amplitude of contractions of the gas- 
tro-intestinal tract, on peristalsis, on tension-length curves, and on such 
other physical or functional properties as can be defined in physi- 
cal units both for the morphinized and the non-morphinized animal. 
For the present it seems that morphine not only increases intestinal 
motility but brings about the increase under conditions—an outpour- 
ing of epinephrine—where ordinarily a decrease in motility would be 
expected. 
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Important contributions to the study of the mechanism of the 
morphine effect have also been made by Zunz, Gyérgy, Arai and La 
Barre. Zunz and Gyodrgy (1914) studied the effect of subcutaneous 
injections of morphine on the quantity of excito-peristaltic substances 
that could be extracted from a loop of the intestine of the dog by 
bathing the loop in Tyrode’s solution for two hours. They also studied 
the reaction of excised intestinal strips from morphinized dogs to the 
excito-peristaltic substances that were obtained from normal and 
morphinized dogs. Zunz and Gyorgy concluded that the effects of 


morphine could be roughly divided into three periods characterized 
as follows: 


lst period: 0-4 hours after morphine. The tonus of loops taken during this 
time and the amplitude of their movements are much more variable, from time 
to time being greater or less than normally. The production of excito-peristaltic 
substances (more properly, the quantity extracted, H. M. K.) is less than normal 
and the response of the loops to the excito-motor substance is diminished. 
2nd period: 4-24 hours after the morphine. The tonus of the intestine and the 
amplitude of its movements are more variable than in the normal loop. There 
is no formation of excito-motor substances; and the intestine does not react to 
the excito-motor extract of a normal loop. 


3rd period: Motility of loops about normal. Excito-peristaltic substances 
are produced but the loop still does not react to these substances in a normal 
extract. (There was no evidence, unless that of visual inspection, that the author 
was recording peristalsis. Records indicated a frequency of 9 per minute. 
From the records presented the main effect of the extracts from normal loops 


seemed to be an increase in tone. This could hardly be interpreted as an increase 
in peristalsis.) 


Zunz and Gyorgy thought there might be a relation between the delay 
in emptying time of the stomach after morphine and the failure of the 
intestine of morphinized dogs to form and to react to the excito-per- 
istaltic substances. By slowing the progression of chyme in the intes- 
tine, the intestine could contribute to the delay in emptying the stom- 
ach. 

Arai (1922) evaporated aqueous extracts of the stomachs and intes- 
tines of dogs and cats to dryness, took the residues up in alcohol, and 
added acetic anhydride for acetylation. Both the original and the 
acetylated extracts were titrated, for choline or acetylcholine respec- 
tively, using the excised rabbit intestine. In general the acetylated 
dialysates were about a thousand times as effective as the simple 
dialysates; hence the author concluded that the effective component 
of his extract was choline. The sensitivity of the excised intestine to 
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choline was similar for normal and morphinized dogs, but 6 mgm. of 
morphine per kgm. administered subcutaneously decreased the choline 
content of the stomach and small intestine. With the cat 1 mgm. per 
kgm. of morphine subcutaneously had no effect on the choline content 
of the stomach or intestine. Six milligrams per kilogram caused a 
decrease in the choline content of the stomach, and 20 mgm. per kgm. 
a decrease in the choline content of both stomach and intestine. 

Similar results were reported by La Barre (1924) for the rabbit. 
La Barre’s findings will be given in detail since they serve as a general 
summary of the present status of the effects of morphine on excised 
rabbit intestine. La Barre found that morphine 32-48:100,000 de- 
creased the frequency of contraction of excised loops of intestine from 
normal animals; 4-12:100,000 augmented and 16-48:100,000 dimin- 
ished the amplitude of the movements; tone increased with 8-32:100, 
000 and decreased with 48:100,000. The stimulating action on tone 
was reinforced by choline and by excito-peristaltic substances that 
could be obtained from perfusates of normal loops of the intestine. 
Also the tonic effect due to choline was reinforced by previous exposure 
of intestinal loops to morphine. Morphine did not increase the tone 
of loops, decholinized by long continued washing with Ringer’s solu- 
tion. Choline forms some complexes or combinations with morphine 
which possess a tonic action superior to those of the constituents: i.e., 
choline + morphine was more effective than choline followed by mor- 
phine or morphine followed by choline. 

The frequency of contraction of excised loops from morphinized 
animals (apparently 60 mgm. total dose subcutaneously) was less than 
that of untreated animals. The amplitude for animals receiving 20 
mgm. of morphine was greater than normal. The loops from morphin- 
ized animals yielded less of excitoperistaltic substances than loops frém 
non-treated animals. Hence the author concluded that choline played 
an important réle in the intestinal effect of morphine. 

At this point a few more words should be added regarding the effect 
of morphine on excised intestine. Probably Baur (1925; q.v. for dis- 
cussion and literature) is correct in his generalization that peristalsis 
of the excised small intestine is stimulated in the cat, dog, rabbit, 
guinea pig and ape at some concentration of morphine, and that some 
higher concentration depresses the intestine. It is sufficient to say that 
not all the previous literature is in accord with this statement. How- 
ever Baur insists that the contradictions are to be referred to variations in 
procedure and that a consistent procedure yields consistent results. My 
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‘own analysis of the literature indicates that a consistency of definition is 
also a very needed item. Some authors express their results in general 
terms such as increased activity or increased amplitude; others express 
their results as increased peristalsis, pendulum movements, or tone for 
studies of the same or of different properties. Undoubtedly the effects 
of morphine on excised smooth muscle offer a field for more intense and 
intimate investigation than has been applied in the past. The effects 
should be studied under isometric and isotonic conditions. The changes 
in tension developed or in work performed should be noted, and a study 
made of the accompanying changes in metabolism, such as oxygen 
consumption, carbon dioxide formation, sugar disappearance, lactic 
acid production, and accompanying heat changes. The relationship 
between the changes in tension or work and the changes in metabolism 
should be compared with similar relationships in normal excised muscle. 
A similar set of studies could be run with profit on the intact animal 
and to them might be added observations on blood flow and its inter- 
relationships with activity and metabolism. Finally the mechanism 
of each individual effect should be investigated. 

EFFECTS ON SECRETION. Among the possible ways in which mor- 
phine might affect the chemistry of digestion are a change in the volume 
or the composition of digestive juices; an interference with enzyme 
reactions; and more indirect effects such as those brought about through 
changes in the interconnected time relations between secretion, motil- 
ity, extent of digestion and absorption. 

Enzyme activity. The question of interference with enzyme activity 
should be most easily answered. There are no satisfactory figures 
available but it is not an unfair postulate that after a subcutaneous 
injection of 10 mgm. per kgm. the concentration of morphine in the 
stomach or intestinal fluids does not rise above 1:100,000. At any 
rate pepsin and pancreatic lipase are not materially affected by even 
higher concentrations of morphine and the enzymatic action of erepsin 
is possibly somewhat accelerated and then depressed by morphine 
6-60:100,000 (Keeser, 1932). The effect of morphine on the activity 
of other digestive enzymes awaits future investigation. For the pres- 
ent, the effect on digestive enzymes seems to play an unimportant 
role in the constipating effect of morphine. 

Salivation. Salivation has been remarked upon from time to time 
as a part of the morphine picture but no one has investigated the diges- 
tive properties of saliva so obtained or has studied what portion of it 
may reach the stomach. Similarly the effect of morphine on the com- 
position of other digestive juices has received little attention. 
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Claude Bernard (1875) noted that under normal conditions a reflex 
secretion of saliva could be obtained by irritating the tongue with 
vinegar or by electrical stimulation. After morphine this effect could 
not be obtained. But both normally and after morphine it was still 
possible to obtain a secretion of the submaxillary gland by stimulating 
the chorda tympani. Hence it appeared that there was a central action 
of morphine on salivation. 

Puskareva and Belianskaja (1929) found that sectioning of the cord 
below the medulla caused permanent irritation of the salivary center 
resulting in spontaneous secretion. Morphine, 10 to 20 mgm., inhib- 
ited this spontaneous secretion and decreased the reflex effect of stimu- 
lating the lingual or laryngeal nerves. 

Gastric secretion. In 1900 Riegel published the results of his studies 
regarding the rate of gastric secretion from a dog with a Pavlov stom- 
ach fistula. During the first hour morphine probably depressed gastric 
secretion but. subsequently there was no doubt of a stimulation of se- 
cretion. The acidity of the gastric secretion after morphine was ap- 
proximately normal, such values as 98 and 84 being obtained for total 
acidity and free HCl respectively. Essentially similar results were 
obtained with 20 to 200 mgm. of morphine. As an example of the 
results, in one experiment with 100 mgm. of morphine, followed 10 
minutes later by 500 ec. of milk through a stomach tube, 50 ce. of 
gastric secretion were obtained from the pouch in 6 hours although 
after milk alone only 5 to 6 cc. of secretion were obtained. 

Similar results were described by Hirsch in 1901. A permanent 
cannula was maintained in the duodenum, four centimeters from the 
pylorus, of a 4-kilo dog. Water, placed in the stomach by means of 
a sound, passed out through the cannula under low pressure and almost 
continuously, spurting from time to time. It took only 10 minutes 
to recover 250 cc. of water. However, when 200 cc. were given 10 
minutes after 30 mgm. of morphine (about 8 mgm. per kgm.), none 
was obtained from the cannula in 45 minutes. At this time 191 cc. of 
fluid containing 0.06 per cent free HCl and able to digest fibrin were 
recovered from the stomach. 

In another experiment 170 cc. of 0.04 N HCl were recovered from 
the stomach 2 hours after the administration of 190 cc. of water which, 
in turn, was given 3.5 hours after the morphine. The recovered water 
contained 0.25 gram of HCl. The author added that if the average 
secretion of the stomach is 0.3 per cent HCl, 80 cc. of secretion must 
have formed. That meant an absorption of 100 cc. of water must 
have taken place from the stomach. 
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’ The question of the effect of morphine on gastric secretion is evidently 
quite interesting in its own right but it gains additional significance 
from a possible relationship to two of the other morphine sequentia: 
the modification of acid-base equilibrium and the depression of respi- 
ration. Under many conditions the secretion of these unusual amounts 
of gastric juice would have little effect on acid-base balance. But with 
a maintained closure of the pylorus there is an effective separation of 
HCl from the body. In the examples given above the amounts of acid 
separated were 191 cc. containing 0.06 per cent free HCl, and 170 ce. 
of 0.04 N HCl. The carbon dioxide equivalents of these quantities 
of hydrochloric acid are 70 and 152 cc. respectively. Reducing these 
values to volumes per cent on the basis of a 4-kilo animal we have 1:8 
and 3.8 volumes per cent as the average increase in carbon dioxide 
capacity that must occur throughout the body to provide the HCl 
which morphine stored, so to speak, in the stomach. 

Some verification of this deduction is found in the increase in carbon 
dioxide capacity noted by Gauss (1921), Atkinson and Ets (1922), 
and others. An increase in the alkaline reserve of even as little as two 
to four volumes per cent must have an effect on respiration leading to 
a decrease in minute volume and an increase in the carbon dioxide pres- 
sure of the blood. These possible interrelationships demand a very 
thorough experimental investigation to see how far the effect on gastric 
secretion conditions the effect of morphine on acid-base balance, 
chloride balance, and respiration. The experiments should be carried 
out on both fasting and fed animals and in the latter case will have to 
be investigated by sacrifice experiments in the manner outlined by Zunz 
as well as by acute experiments under anesthesia in which a very de- 
tailed study must be made of arterial and gastric venous blood with 
regard to carbon dioxide capacity, carbon dioxide content, chloride 
content and related questions. 

While it is impossible to establish the total quantity of HCl secreted 
by determinations of gastric acidity after test meals, nevertheless such 
experiments on man indicate clearly that morphine does not depress 
gastric secretion. In general there were indications of increased secre- 
tion (Riegel, 1900). : 

Pancreatic secretion. In 1907 Bickel and Pincussohn studied the 
effect of morphine on pancreatic secretion. The experiments were con- 
ducted on two dogs, each with a permanent fistula of the pancreatic 
outlet according to Pavlov. Morphine had an effect on pancreatic 
secretion similar to that reported by Riegel on gastric secretion, causing 
first a decrease and then an increase. 














640 HUGO KRUEGER 


Using dogs with duodenal and low ileac fistulae, Cohnheim and 
Modrakowski found (1911) that the pancreatic secretion due to the ad- 
ministration of a test meal was decreased by morphine. There was no 
spontaneous secretion. Placing 0.25 per cent HCl in the duodenum 
caused a greater pancreatic secretion in normal animals than after 
morphine. Pancreatic secretion was considered to be decreased both 
because of a direct effect of morphine on the pancreas and because of 
the initially decreased gastric secretion of HCl. The fact that HCl is 
retained in the stomach for a very long period of time must also be 
considered. 

Bile secretion. Rutherford, Vignal and Dodds (1879) carried out 
experiments on two curarized dogs with a cannula in the common bile 
duct. In one morphine caused a decrease and in the other had no effect 
on bile secretion. Pavel, Milcu and Radvan (1929) performed 14 ex- 
periments on two dogs with biliary fistulae. One hundred grams of 
bread were given and 15 to 50 minutes later 10 or 20 mgm. of morphine 
were administered subcutaneously. Morphine decreased bile secre- 
tion. The effect appeared in 10 to 15 minutes and in 2 to 3 hours bile 
secretion had ceased. A low level of bile output was maintained for 
as long as 7 hours. After morphine the bile was more viscous and con- 
tained more mucin, bile salts, and bile pigments. As an example of 
the volume effect, the bile secretion decreased from a normal of 11 cc. 
in a five hour period to 4 cc. in a like period after morphine. Similar 
results were found by Baltaceano, Vasiliu and Vasilescu (1934). 

ABSORPTION. Another indirect effect on the chemistry of digestion 
might be brought about by a changed rate of absorption of the products 
of digestion or of water. In 1868 Moreau made a study of the effect 
of morphine on magnesium sulfate exosmosis. Twenty cubic centi- 
meters of 2 per cent magnesium sulfate placed in an intestinal loop of 
a dog caused, in 6 to 8 hours, an exosmosis of such an extent that 500 
ec. of liquid could be obtained from the loop. If the animal was mor- 
phinized only about 10 cc. were obtained. Sometimes no liquid was 
present. Moreau held that morphine placed an obstacle to exosmosis 
in the digestive tube; but the method allows no decision as to whether 
absorption or a change in secretion was the more prominent phenom- 
enon. 

Leubuscher (1890) found that 30 to 40 mgm. of morphine given sub- 
cutaneously decreased the absorption of KI from a Thiry-Vella loop 
of the intestine. Similar results were obtained when opium or mor- 
phine was administered in the KI solution placed in the loop. 
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‘Biberfeld in 1903 studied the absorption of 0.7 to 0.9 per cent NaCl 
solutions in dogs with Thiry-Vella fistulae of the ileum. About forty 
cubic centimeters of saline were placed in the loop and an hour later 
the volume unabsorbed was determined. Ten to 30 mgm. of morphine, 
added to the saline, increased the average volume of the fluid absorbed 
in 15 minutes from 13 to 24 cc. for the protocols detailed. 

Thus the evidence is somewhat divided as to whether or not morphine 
increased the rate of absorption from the small intestine. In view of 
the fact that a higher tension may be developed by the intestinal mus- 
culature after the administration of morphine it would be worth while 
to reinvestigate this question. Increased tension is a factor which 
must work in the direction of a greater movement of water toward the 
blood stream. A greater absorption of water would lead to more 
viscous intestinal contents and a decreased rate of digestion. Either 
possibility could contribute to the constipating effect. 

ConstTIPpaTION. While many authors have used their data in an 
attempt to explain the constipating effect of morphine, most have 
overlooked the fact that their experiments were concerned with the 
effects of morphine only during the first three hours or less subsequent 
to the administration of the drug. Constipation in the dog must be 
considered as a delay of at least six hours in the evacuation of feces 
beyond the time they would normally be expected. A shorter delay 
would be within the limits of error and variability of the methods 
hitherto applied. Unless the assumption is made that the effects 
during the first three hours are the same as subsequent effects, the data 
at best could explain only a small portion of a six hour delay. Before 
a complete and adequate explanation of the constipating effect of mor- 
phine can be expected curves must be obtained showing the relationshir 
between the dose of morphine and the duration of the constipation in 
various animals. Then when it is definitely known that a dose of x 
milligrams of morphine will cause a delay of n hours in the passage of 
feces, the various effects of x milligrams on motility, secretion and ab- 
sorption should be determined in detail to see whether the phenomena 
noted are sufficient and adequate to explain the delay or whether addi- 
tional phenomena should be investigated. It is clear that 40 to 50 
mgm. of morphine will produce constipation in the cat but it is impos- 
sible to glean from the foregoing review or from the literature itself 
the detailed effects of 40 to 50 mgm. of morphine on the digestive tract 
of the cat because the workers have not investigated in detail the effect 
of this particular dose range. With regard to the dog the situation is 
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much better. From the data of Magnus (1908a) and Zunz (1911) it 
is clear that 6 mgm. per kgm. of morphine will delay the evacuation 
of feces approximately 24 hours. Many workers have used a dose 
of morphine sufficiently close to 6 mgm. per kgm. that their results 
might be interrelated and used to explain this delay. Therefore, from 
all the data available, an attempt has been made in the following table 
to assign to some of the various phenomena so far considered their 
relative contributions to the constipating effect of a 6 mgm. dose of 
morphine. 


ESL TT Te seaces JS bowers 
1. Initial failure of HCl secretion............. 1 hour 
2. Initial decrease in stomach motility and con- 
striction of sphincter antri pylorici..... ....4 hours 


3. Closure of pylorus—initially maintained, 
later ——- but more prominent than 


normal. . ae ess use gates © ties minimis ..9 hours 
4. Delayed increase in ‘HCI s secretion. .....—1 hour 
B. Delay in email intestine....................... 7 hours 
1. Decreased digestion due to de crease in bile 
and pancreatic secretion............... .2.5 hours 
2. Decreased propulsive motility.......... 2 hours 


3. Increased viscosity brought about by in- 
creased absorption of water due to in- 
creased pressure applied to intestinal 


a ac ee PE eee 1.5 hours 
4. Closure of pylori. sphincter oe 1 hour 
C. Delay in the colon. . a . 4 hours 
1. Motility effects | increasing dryne 288 aa con- 
I bit oo kip aie 2 hours 
2. Presence of excessively dried mis aterial w hie h 
cannot be passed through closed sphinc- 
ee UPE EG ULEVA Gees dsb bs wccceecess’e 2 hours 
3. Loss of defecation reflex...... Lae ee ee ...2 hours ————— 
ES a oe ‘i teams . 24 hours 


This outline holds for the problem of the administration of morphine 
prior toa meal. A similar table should hold, as far as present data go, 
for the cat orforman. For a different relation between the time of the 
meal and the administration of morphine a somewhat different table 
would have to be built, increasing the magnitude of the times listed 
under B and C. Under some conditions, as when colocynth or magne- 
sium sulfate is given previous to morphine, the item B-4 would be prom- 
inent. 
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The item C-2 deserves some discussion. ‘lne immediate effects of 
morphine in the dog are emesis and defecation. Similar effects are often 
obtained in man as indicated by the statement of Arnsperger given 
previously and also in the statement of Pal (1913) that in the case of 
violent diarrhea opium and morphine cause the loss of the desire to 
defecate long before the palpable intestinal movements have ceased. 
The fluid intestinal contents leave the body as through a solid tube 
without a previous call to defecation. The patient notices the defeca- 
tion call often for the first time when the fluid has reached the skin. 
A similar phenomenon is the failure of the morphinized cat to retain 
soap enemas. It seems that in spite of an increased tone of the anal 
sphincters fluid contents can be eliminated from the large intestine. 
In order that the anal sphincter tone be considered a prominent factor 
in constipation it must be shown that the pressure necessary to open 
the sphincter is continuously above the pressure existing in the large 
intestine (sigmoid flexure). 

The question of the influence of the central nervous sytem on the 
gastro-intestinal effects should be pursued further. It has been sug- 
gested by Stierlin and Schapiro, and Lang particularly leans to the 
explanation, that the loss of the defecation reflex is an important factor 
in constipation. No experimental evidence has been given to sub- 
stantiate this supposition and the statements of the preceding paragraph 
would militate against it. Various authors (Magnus, 1906; Plant and 
Miller, 1926) have found that morphine causes a similar effect in the 
normal and denervated intestine; but a central effect on gastro-intestinal 
motility might be unmasked by craniad injections into the carotid 
artery, cross-circulation experiments, the use of decorticated, decere- 
brated, and spinal animals, and related devices. 

In spite of the many and extensive studies that have been published 
up to the present it is clear that there are many gaps yet to be filled 
before a clear and complete account can be given of the effect of mor- 
phine on the gastro-intestinal tract. When the more extensive gaps in 
our information have been bridged, perchance ten years from now, it 
will be possible to present the rounded and comprehensive analysis 
required by a phenomenon of such clinical importance. 
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